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1 Introduction 
 
Polymers are a large class of materials composed of long, covalently bonded molecules, 
which include plastics and rubbers. Since 1950 when the first generations of rubber blends 
were developed, the use of polymer materials increased rapidly and nowadays in many 
applications they are replacing conventional materials such as metals, ceramics, wood, and 
natural fibres (cotton and wool). One of the most important goals in polymer science is the 
understanding of the molecular dynamics in order to establish a relationship between the 
microscopic and macroscopic properties of the materials. This knowledge can help to improve 
the already existent materials but most of all manipulating their properties according to the 
necessities. 
Though more than 50 years of intensified research have passed and several theories 
about the structure and the dynamics of polymers have been elaborated, a complete 
description of such complex systems as polymers is still to be done. The crystal structure, 
crystallinity and orientation of polymers are determined by X-ray methods [1], whereas the 
crystal morphology or phase structure is obtained from electron microscopy [2] and light 
scattering [3]. A large number of measurements, meant to investigate the macroscopic level of 
polymers, has been improved and has been used to characterize their mechanical, thermal, 
electrical, optical, stability and processing properties. Besides neutron spin-echo (NSE) [4], 
dielectric spectroscopy and small angle neutron scattering (SANS) [5], nuclear magnetic 
resonance (NMR) is one of the few techniques able to probe directly the molecular motion. 
The standard NMR analytical methods imply large, homogeneous static magnetic fields over 
the sample volume. Information about chemical structure of molecules, molecular order in 
solid matter, molecular dynamics and morphology of semi-crystalline polymers, macroscopic 
sample heterogeneities and molecular transport have been thus derived [6]. The development 
of NMR spectrometers, going down to low homogeneous and inhomogeneous (NMR-
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MOUSE®) magnetic fields, the increasing interest in the enhancement of the technique and 
the successful applications in geophysical studies [7], agricultural purposes [8] and medical 
diagnosis [9] established NMR as a powerful tool in investigating the structure of matter. 
Solid-state NMR magnetization relaxation experiments as well as 1H double-quantum 
(DQ) NMR measurements make use of the high sensitivity of the relaxation processes and of 
the residual dipolar couplings to the chain dynamics. The molecular mobility is influenced by 
the composition of the materials, temperature, cross-link density, and curing condition, 
addition of filler particles, and their distribution and the aging effect. Thus NMR provides a 
good method to analyse the structure and dynamics of materials.  
The goal of this work is to investigate the molecular dynamics as well as the 
composition and the structures of different types of industrial polymers such as thermoplastic 
polyurethanes (TPU) and filled raw EPDM samples. The NMR measurements were restricted 
to transverse relaxation of the magnetization and H1  DQ NMR experiments, done on a low 
field spectrometer (0.5 T) at a proton Larmor frequency of 20 MHz. The measurement 
temperatures were varied, depending on the glass transition temperature of the investigated 
materials. A measurement temperature 100° C above the glass transition temperature provides 
a high molecular mobility and an enhanced contrast in the NMR signal. Moreover, thermal 
(DSC) and mechanical (rebound resilience, hardness and tensile testing) tests have been done 
on the TPU materials, and their macroscopic properties have been determined.  
Chapter 2 of this thesis gives a review on the NMR theory, starting with the classical 
approach in terms of the vector model and up to the quantum mechanics when describing the 
DQ experiments. Furthermore, two NMR models, which describe the relationship between the 
transverse NMR decay and the dipolar interaction in elastomers, are presented and compared. 
Chapter 3 focuses on the results, discussions and correlations of the microscopic and 
macroscopic properties of several TPU materials. By varying their composition (different 
amounts of the hard segments and different number average molecular weights of the soft 
segments) the molecular mobility as determined by the NMR measurements changes and so 
do also the macroscopic properties as determined by DSC (transition temperatures), rebound 
resilience (angle of rebound), hardness and tensile testing (Young’ s modulus, yield and break 
points). A coherent and rational strategy for quality control of TPU materials can be 
developed based on the established correlation between sample compositions and microscopic 
and macroscopic parameters. Chapter 4 presents and discusses results obtained from 
investigations of EPDM polymers under the influence of the amount and the type of the 
fillers. The analysis of the transverse relaxation of the magnetization is done in terms of the 
  1 Introduction 
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Anderson/Weiss formalism and the modified Schneider model and the change in the effective 
relaxation times with varying the filler characteristics (i.e. quantity and quality) is discussed. 
Furthermore, the resulting average residual dipolar couplings are compared to those obtained 
model free from DQ experiments and the influence of the NMR polymer models on the final 
results is presented. Finally, in the following chapter 5, the results of this study are reviewed 
and summarized. The author makes an outlook of these studies and hopes that all people who 
have the interest and patience to read this work would gain some useful information that can 
help them with their own research. 
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2 Basics of NMR 
 
Nuclear Magnetic Resonance (NMR) is an important analytical technique suitable to 
investigate the molecular structure-dynamic relation. In this chapter the principles of NMR 
are reviewed, starting with the classical description of the phenomenon and ending up with 
the quantum-mechanical description of the double quantum experiments. Furthermore two 
NMR models in investigating polymer networks are discussed. 
 
 
2.1 Definition 
 
Nuclear Magnetic Resonance is a physical phenomenon utilized to investigate molecular 
properties of matter by irradiating atomic nuclei in a magnetic field with radio waves [10]. In 
a way, NMR denotes the radio-frequency (rf) communication between laboratory transmitters 
and receivers on one side and the magnetic polarization of atomic nuclei exposed to a 
magnetic field on the other side. From this, information about chemical structure of 
molecules, molecular order in solid matter, molecular dynamics and morphology of semi-
crystalline polymers, macroscopic sample heterogeneities and molecular transport can be 
derived [6]. 
The NMR phenomenon was observed in the bulk matter and it was first published in 
1945, by F. Bloch at Stanford and E. Purcell at Harvard [11, 12]. Since then, the development 
of NMR spectrometers and the increasing interest in the enhancement of the technique made 
NMR a powerful tool in investigating the structure and dynamics of materials. 
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2.2 Equipment 
 
The typical NMR equipment consists of a magnet system, a spectrometer console and a work-
station for instrument control, data acquisition, processing and data storage. The sample is 
positioned in a static magnetic field 0B , inside of a rf coil which axis is oriented 
perpendicular to 0B . The coil is part of a rf oscillator. The oscillator, tuned to the frequency 
rf , is used both for transmitting the rf pulses as well as for receiving the response of the 
matter. 
 
 
2.3 General Considerations  
 
The purpose of this section is to make a comparison between classical and quantum-
mechanics approach of the resonance phenomenon. Nuclear magnetic resonance is a 
phenomenon found in systems that possess magnetic moments and angular momentum [13]. 
The basic chemistry tells us that matter can be broken down successively into its 
constituent molecules, further into atoms down to nuclei and their orbiting electrons. Nuclei 
have a finite radius and a net electric charge. Quantum mechanic states that the nuclei with 
odd atomic weights and/or odd atomic numbers, such as the nucleus of the H1 , possess a 
property similar to the angular momentum which is called spin. Under these circumstances 
the nucleus creates a magnetic field around itself and it can be treated as a magnetic moment. 
A magnetic moment   interacts with a static magnetic field 0B  and it orients itself 
along its direction (see Eq. 2.3.3). The significance of the angular momentum is that it makes 
the nuclei precess around the magnetic field when they experience a torque due to the field 
acting on the moment. This description corresponds to the motion of the free spins in a 
magnetic field and it is similar to that of a spinning top having an angular momentum in a 
gravitational field (see Fig.2.3.1) [6]. 
The precession frequency 0  (also called Larmor frequency) is proportional to the 
gyro-magnetic ratio of the species γ  and to the magnitude of the static magnetic field 0B  
00 B ⋅−= γ  (2.3.1) 
  2 Basics of NMR 
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where the gyro-magnetic ratio γ  is the proportionality constant between the magnetic 
moment and its angular momentum and its value is typical for each nucleus. The equation of 
motion 
 
 
Figure 2.3.1: The motion of a magnetic moment in a magnetic field: it executes a precessional 
motion in which the vector sweeps out a cone at a constant angle of the magnetic field 
direction. 
 
0B

×⋅= γ
dt
d
 
(2.3.2) 
states that the rate of change of the magnetic moment vector characterized by γ  is 
proportional to both the magnetic moment and the magnetic field, and that the direction of the 
change is oriented perpendicular to both the magnetic moment and the field. The potential 
energy of the moment in the magnetic field describes the interaction energy between the two 
quantities 
000 cos BE z ⋅−=⋅⋅−=⋅−= µθBB  (2.3.3) 
In Eq. (2.3.3) θ  is the angle the magnetic moment makes with the static magnetic field and 
the symbol zµ  describes the projection of the magnetic moment on the direction of 0B , 
commonly chosen along the z-axis. The parallel orientation corresponds to lower interaction 
energy and the anti-parallel orientation to higher interaction energy. 
As already mentioned quantum-mechanics states that many nuclei (see Table 2.3.1 
(Appendix)) possess a property called spin. The spin I  is a quantum-mechanics operator and it 
is characterized by the spin quantum number I . Often the spin quantum number itself is 
referred to as spin and for the H1  is equal to 
2
1
. The magnetic moment   and the spin I  of 
the nucleus are proportionally related, the constant of proportionality being the product 
between the gyro-magnetic ratio of the species and Planck’ s constant h  divided by 2pi,  
I⋅⋅= γ  (2.3.4) 
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A spin-half nucleus (
2
1
=I ) interacts with a magnetic field and gives rise to a splitting in the 
energy levels. This interaction is called the Zeeman interaction. In quantum mechanics the 
operator corresponding to the energy is the Hamiltonian H . Thus the Zeeman potential energy 
of a single magnetic moment in a magnetic field is given by introducing Eq. (2.3.4) in Eq. 
(2.3.3) 
0BzZ ⋅⋅⋅−= IH γ  (2.3.5) 
where zI  represents the projection of the spin to the z-axis. The energy levels mE  in Eq. 
(2.3.6) correspond to the eigenvalues of the Hamilton operator. These are characterized by the 
magnetic quantum number m  and in the case of the H1  can have only two values 
2
1±=m . 
The + m  value characterizes the α state, sometimes described as ‘spin up’  or parallel 
orientation to the magnetic field, and it corresponds to the lower energy level. The –m  value 
characterizes the β  state, sometimes described as ‘spin down’  or anti-parallel orientation to 
the magnetic field and it corresponds to the higher energy level (see also Fig.2.6.1) 
0BmEm ⋅⋅⋅−= γ  (2.3.6) 
According to Planck’ s law the necessary energy to reverse the orientation of the magnetic 
moment (classical approach) or to produce a transition between the energy levels (quantum-
mechanic approach) (resonance phenomenon), equals the difference in the allowed energy 
levels. The frequency of the rf irradiation ( 0υ ) needed to cause such a transition is 
proportional to the Larmor frequency 0  (see Fig. (2.3.2)) 
00 2 νpiαβ ⋅⋅⋅=⋅=−=∆  EEE  (2.3.7) 
 
B0
0 = 20
E
-1/2 = +1/2γB0
E+1/2 = -1/2γB0
µz = -1/2γ
µz = +1/2γ
 
Figure 2.3.2: Quantum-mechanical energies of a magnetic moment   in a magnetic field 0B  
[6]. 
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2.4 Classical Approach 
 
This section is a short summary of the classical description of the NMR, based on the vector 
model (the bulk magnetization). The effect of rf pulses in the laboratory and in the rotating 
frame is discussed, and the relaxation mechanisms in terms of the Bloch equations are 
deduced. Furthermore, two most common methods to determine the relaxation times are 
presented. 
 
2.4.1 Bulk Magnetization 
In the section above it was shown when a nucleus posesses a magnetic moment. In a NMR 
experiment, inside a sample, a large number of nuclei are observed (of the order of 2310 ). 
When the magnetic moments are all pointing in random directions, the small magnetic field 
that each generates will cancel one another and there will be no macroscopic effect. In the 
same sample, this time placed in a static magnetic field 0B , a magnetization parallel to the 
applied field develops. This is called the bulk magnetization 0M , and at equilibrium is 
aligned along the direction of the applied field. This happens because the spins, originally 
equally divided between the two energy states, i.e., orientations, redistribute themselves in the 
field so that a Boltzmann population differences is set up 






⋅
⋅⋅−
=
+
−
TkN
N
B
0
0
0
exp Bγ  
(2.4.1) 
Where 00 / +− NN  represents the population of the low/high energy level (the spins are oriented 
parallel/anti-parallel to the 0B ); Bk  is Boltzmann’ s constant; T  is the absolute temperature of 
the sample. The value of the magnetization at equilibrium is given by the Curie law as a 
function of the static magnetic field 0B , the temperature of the system T , the number of spins 
in the sample N , the spin I  and the gyro-magnetic ration γ  (see also section 2.4.3) 
( )
0
22
0 3
1 BM ⋅
⋅⋅
+⋅⋅⋅
=
Tk
IIN
B
γ
 
(2.4.2) 
The precession of the magnetization vector is what it is actually detected in an NMR 
experiment. The axis of the detection coil is aligned in the x-y plane. As the magnetization 
vector crosses the coil a current is induced, and this amplified and recorded is the so called 
free induction decay (FID) signal which is detected in the pulse NMR experiment. 
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2.4.2 Rotating Frame 
The main issue of the NMR technique is to rotate the magnetization away from its 
equilibrium position along the z-axis in order to obtain a maximum signal in the x-y plane (the 
resonance phenomenon). This happens when the magnetization is completely flipped in this 
plane. The solution is to apply a small magnetic field 1B  along the x-axis, which oscillates at 
the Larmor frequency. When a circular polarized rf field (of magnitude 1B  and angular 
frequency 1 ), oriented perpendicular to 0B  is applied, the magnetization will precess around 
an effective magnetic field effB  with the angular frequency eff  (see Fig. 2.4.1). 
 
z
x
x‘
y
y‘
Beff
B0
θ
µ
B1
γ
rf
−
 
Figure 2.4.1: The motion of the magnetic moment in a magnetic field of two components: a 
static magnetic field 0B  and an oscillatory magnetic field 1B  perpendicular to each other. 
 
In the following the mechanism how a small magnetic field is able to rotate the 
magnetization away from the z-axis will be described, even in the presence of a very strong 
magnetic field 0B . For that it is necessary to regard the motion in a frame of reference 'R , 
which rotates with respect to the fixed laboratory frame R  about the z-axis at an angular 
frequency framerot . . This approach is adequate since the rf is a circularly polarized magnetic 
field which can be described as a sum of two equal waves which rotate in opposite directions 
( framerot .1  = ) and the detection of the response of the matter is done in quadrature.  
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In the laboratory frame R , the magnetization precesses about 0B  at a constant 
angleθ and at an angular frequency 0 . The rf field 1B  oscillates about 0B  at an angular 
frequency 01  ≅= rf  (resonance). In the rotating frame 'R  , the magnetization is seen to 
precess around the static magnetic field at an apparent frequency ( framerot.0  − ) called the 
offset 
framerot.0  −=  (2.4.3) 
Then, according to Eq. (2.3.1) the static magnetic field will not be 0B  anymore, but a reduced 
magnetic field 
γ
B =∆ . When 0.  =framerot , the apparent Larmor frequency will be 0 and 
the static magnetic field seems to vanish. The effective magnetic field effB  becomes thus 1B  
 

z 
x 1
eff
θ
B
z 
x B1
Beff
θ
 
Figure 2.4.2: In the rotating frame the effective filed effB  is the vectorial sum of the reduced 
field B∆  and the 1B  field (left). The effective field is also expressed in terms of frequencies 
(right). The tilt angle θ  is defined as the angle between B∆  and effB . 
 
(see Fig. (2.4.2)) and the magnetization will be flipped in the x-y plane. This is the key how a 
very weak rf field can affect the magnetization in the presence of a much stronger magnetic 
field. In the rotating frame 0B  appears to shrink and under the right conditions can become 
small enough that 1B  is dominant. This situation is equivalent to a flip of the magnetization 
with 90° angle from the equilibrium position. The relation between the duration pt  of the 
applied rf pulse 1B  and the flip angle of the pulse β  demonstrates that by varying the time the 
pulse is applied, the angle through which the magnetization is rotated away from it position of 
equilibrium can be manipulated 
pt⋅= 1ωβ  (2.4.4) 
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2.4.3 Relaxation 
The requirement for detection of any magnetic resonance signal is a non equilibrium state of 
the spin systems which must be excited before [14]. After a magnetized spin system has been 
perturbed from its thermal equilibrium state it will return to this state when the perturbing 
force is removed and sufficient time is given. This process is often characterized by the free 
precession of the magnetization 0M  around the 0B  and by the relaxation. The relaxation 
denotes the loss of the transverse magnetization with the time 2T  and building up of 
longitudinal magnetization with time 1T . The mechanisms of relaxation and the significance 
of the relaxation times 1T  and 2T  are described below. 
 
Spin-lattice relaxation. In a real sample the interaction of the spins with the lattice has 
always to be taken into account. By placing a sample in a static magnetic field, it will 
magnetize along the direction of the field. This implies transitions between the energy levels, 
a process which takes place with a transfer of energy from the spins system to the lattice. In 
order to be capable to absorb the emitted energy, the lattice should posess energy levels with 
the same energy differences. More precisely, the probability of transition between the energy 
levels of the spins system does not only depend on their own energy levels but also on the 
probability of the lattice to be in a state which can interact with these transitions. 
In a system at equilibrium in a static magnetic field 0B , the population of the two 
levels is given by the Boltzmann distribution (see Eq. (2.4.1)). A rf field 1B applied to such 
asystem implies transitions between the energy levels, with associated modification of their 
total population. Let +N  and −N  be the population of the energy levels at one moment, with 
−+−+ +=+= NNNNN
00
 the total number of spins and 
−+ −= NNn  the difference of 
population. The evolution of the spin population is given by 
++−−
−+
⋅−⋅=−= WNWN
dt
dN
dt
dN
 
(2.4.5) 
where +− WW ,  are the probabilities of transition per second. These probabilities are also 
Boltzmann distributed and except at low temperatures their equations are 






⋅⋅
⋅⋅
≈± Tk
BWW
B2
1 0 γ  
(2.4.6) 
where W  the probability of transitions per second for a free spin system, non coupled with the 
lattice. In a similar way the equilibrium populations of the energy levels can then be written as 
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





⋅⋅
⋅⋅
±⋅≈± Tk
BNN
B2
1
2
00 γ
 
(2.4.7) 
Under these conditions the evolution of the spin population in Eq. (2.4.5) becomes 






⋅⋅
⋅⋅
−⋅⋅−





⋅⋅
⋅⋅
+⋅⋅= +−
+
Tk
BWN
Tk
BWN
dt
dN
BB 2
1
2
1 00  γγ  
(2.4.8) 
The solution of Eq. (2.4.8) describes the evolution in time of the population difference when 
01 =B  
( )



	






⋅⋅−⋅
−
−= tW
n
nn
nn
mequilibriu
mequilibriu
mequilibriu 2exp1
0
 
(2.4.9) 
where 0n is the population difference at time 00 =t , when 01 =B  and mequilibriun  is the 
population difference at thermal equilibrium 
Tk
B
NNNn
B
mequilibriu
⋅⋅
⋅⋅
⋅≈−=
−+ 2
000 γ
 
(2.4.10) 
Equation (2.4.9) shows that n  decays exponentially from its initial value 0n  to the 
equilibrium value mequilibriun  in an infinite time, with a time constant W
T
⋅
=
2
1
1 . This time 
constant 1T  is called spin-lattice relaxation time or longitudinal magnetization relaxation time. 
Experimentally, the study of 1T  is possible because the magnetization of the sample 0M  in a 
static magnetic field 0B  is proportional to the difference of population 
( )
−+ −⋅= NNM 0  (2.4.11) 
And then 
( )nnW
dt
dn
mequilibriu −⋅⋅= 2  
(2.4.12) 
( )MMM −⋅= mequilibriuTdt
d
1
1
 
(2.4.13) 
with mequilibriuMM =0  the magnetization after an infinite time after 1B  ceases to act . 
Applying 1B  means that the magnetization along 0B  disappears, which is the same as saying 
that the population of the two levels are equal after a 90° pulse or inverted after a 180° pulse. 
This implies that at the moment 00 =t (when 01 =B ) 00 =M . By integrating Eq. (2.4.13) 
 ⋅=
−
=
tM
M mequilibriu
dt
T
d
010
1
MM
M
 
(2.4.14) 
with the solution 
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( ) 












−−⋅=
1
exp1
T
t
t mequilibriuMM  
(2.4.15) 
The return of the longitudinal magnetization to its equilibrium value mequilibriuM  often obeys an 
exponential law, with a time constant 1T . This process is called spin-lattice relaxation or 
longitudinal magnetization relaxation. In this process the energy is transferred from the spin 
system to the lattice. The inverse of the relaxation time 





1
1
T
 is the rate at which the spins 
change energy with the lattice. The value of 1T  depends on the investigated nucleus, the state 
of the NMR sample (solid, liquid, gas), and it is in the range of ms to hours. It gives 
information related to the molecular mobility of the sample. 
 
Spin-spin relaxation time. By applying the rf field 1B  when 01 ωω =  (resonance), the 
magnetization 0M  along the z-axis is not only flipped away from the direction of the 
magnetic field but also the precession movement of the magnetic moments is synchronized. 
As in the case of a forced oscillatory movement, the magnetic moments are forced to precess 
at the same frequency and so, to have a constant dephasing. One can refer then to a transverse 
component of the magnetization, which lies in the x-y plane and precesses about 0B  at 
Larmor frequency. The projections of the transverse magnetization on the x and y axes, are 
xM  and yM . When 01 =B  the movement of the magnetic moments is not synchronized 
anymore and the dephasing is increasing due to the fact that each spin experiences a slightly 
different magnetic field caused by the spin interactions. After a certain time the projection 
onto the x-y plane are uniformly distributed around 0B . The transverse magnetizations xM  
and yM  become 0. This process is called spin-spin relaxation. The evolution of the 
components of the transverse magnetization in the rotating frame is (at resonance) 
2
0
T
M
dt
dM xx −
=  with the solution 












−−⋅=
2
0 exp1)( T
tMtM xx  
(2.4.16) 
2
0
T
M
dt
dM yy −
=  with the solution 












−−⋅=
2
0 exp1)( T
tMtM yy  
(2.4.17) 
where 00 , yx MM  are the components of the transverse relaxation at the beginning of the 
relaxation process. 
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The spin–spin relaxation is a process in which the spins reorient each another, without 
exchanging energy with other systems. Experimentally it can be quantified only by measuring 
the transverse components of the magnetization. This process is also influenced by the spin-
lattice relaxation process. When the longitudinal magnetization aligns along the z axis, the 
transverse magnetization is 0. Under these circumstances the spin-spin relaxation time 2T  can 
not be longer than the spin-lattice relaxation time 1T . It is always smaller or at least equal to 1T  
[15]. 2T  is a parameter which depends on the material, the state of the sample (solid, liquid, 
gas) or on the local interaction among the magnetic moments. The study of 2T  reveals 
important information regarding the structure of matter. 
 
Bloch equations. In a NMR experiment relaxation phenomenon are observed in spin systems 
on which a static magnetic field 0B  and an oscillatory field 1B  act and they are recorded as 
the evolution in time of the components of the magnetization. The equation, which completely 
describes the behaviour of the magnetization M  in a magnetic field effB  has to contain both 
the precession process and the relaxation. This equation was formulated by Bloch, and for the 
laboratory frame it is given by 










−
⋅−










⋅−×⋅=
0
12
0
0
1
0
1
MM
T
M
M
Tdt
d
Z
y
X
BMM γ  
(2.4.18) 
As already mentioned the presence of 0B  and 1B  give rise to an effective magnetic field effB  










+










=+=
0
)(
)(
0
0
)()( 1
1
0
10 t
t
tt y
x
B
B
B
BBB  
(2.4.19) 
For a circularly polarized rf field 1B , with the amplitude 12 B⋅  oscillating along the x-axis, 
the effective magnetic field effB  becomes 










⋅⋅−
⋅⋅
=
0
1
1
)sin(
)cos(
)(
B
tB
tB
t rf
rf
ω
ω
B  
(2.4.20) 
and the Bloch equation (2.4.18) for the laboratory frame can be written 
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( )[ ]
( )[ ]
( ) ( )[ ]
1
0
11
2
10
2
10
cossin
cos
sin
T
MM
tBMtBM
dt
dM
T
M
tBMBM
dt
dM
T
M
tBMBM
dt
dM
z
rfyrfx
z
y
rfzx
y
x
rfzy
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−
−⋅⋅⋅+⋅⋅⋅⋅−=
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(2.4.21) 
and for the rotating frame 
( )
( )
1
0
'1
1
2
'
'0
'
2
'
'0
'
T
MM
MB
dt
dM
MB
T
M
M
dt
dM
T
M
M
dt
dM
z
y
z
z
y
xrf
y
x
yrf
x
−
−⋅⋅−=
⋅⋅+−⋅−−=
−⋅−=
γ
γωω
ωω
 
(2.4.22) 
Equation (2.4.22) predicts an exponential decay of the longitudinal and transverse 
magnetization. This behaviour has been experimentally observed in the case of the 
longitudinal magnetization in all states of the matter but it fails in the case of the transverse 
magnetization in the solid state. The explanation was given by the quantum mechanics and it 
can be found in the section 2.5.1. 
 
Relaxation experiments 
 
Transverse relaxation. The transverse relaxation time 2T  is the time the magnetization needs 
to loose the coherences in the transverse plane, following perturbation of the spin system by 
an rf pulse. When referred to 2T , one refers often to an apparent transverse relaxation time 
*
2T , which contains information coming from the molecular process inside the matter 2T  
(spin-spin interaction and diffusion) and from the local inhomogeneities in the static magnetic 
field ( 0B∆ ) 
0
2
*
2
11 B
TT
∆⋅+= γ  (2.4.23) 
Two of the most common methods used to determine the transverse relaxation time is 
the free induction decay (FID) pulse sequence and the spin-echo decay (Hahn echo decay) 
pulse sequence: 
The free induction decay pulse sequence consists of a 90° pulse in the x/y direction, which 
causes the magnetization along the z-axis to flip into the x-y plane (see Fig 2.4.3a and b.). The 
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NMR signal decays with the time constant *2T  (see Fig.2.4.3c). The samples in which the 
spin-spin interaction is very strong are less affected by the inhomogeneities of the magnetic 
field 0B  due to the fact that 2T  is so short, so that the term B∆⋅γ  can be neglected. 
 
z
x
y
B0
z
x
y
B0
M0
M0
x
z
y
B0
B1
time
AQ
°
x90
°
x180
1 2 3 4 5
2
y
t
Mxy(t)=M0*exp(-t/T2*)
a)
b)
c)
 
Figure 2.4.3: (a) Hahn echo decay pulse sequence; (b) the vector model of nuclear 
magnetization illustrating the refocusing of the isochromats in a spin – echo experiment; (c) 
the evolution of the transverse magnetization xyM as a function of the time t . 
 
Hahn echo decay pulse sequence (see Fig 2.4.3a) consists of a 90° pulse on x 
direction followed by a 180°pulse along the y axis after a delay time τ . The effect of the 90° 
pulse was already described above. After the delay τ , when the magnetic moments are free to 
precess about 0B , the 180° pulse is applied. Its effect is to move the dephased magnetic 
moments to a mirror image position, where the mirror is the x-z plane (see Fig. 2.4.3a). So the 
effects of the magnetic field inhomogeneities are cancelled. The spins continue to precess 
following the same direction, and at the time τ⋅= 2Et  all components of the magnetization 
refocus on the y direction. By continuously increasing τ , and registering the maximum of 
each echo at τ⋅= 2Et , the decay of the transverse magnetization in x-y plane is registered 
independent of the inhomogeneities of the static magnetic field (see Fig. 2.4.3b). The 
significance of the numbers 1 - 4 in Fig. 2.4.3a will be referred in section 2.5.3. 
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In the case of strong inhomogeneities of the magnetic field and for the samples with high 
diffusivity molecules, the transverse relaxation process is strongly affected. The Carr-Purcell-
Meiboom-Gill (CPMG) pulse sequence can be used in order to reduce the effect of the 
diffusion. More details to the method can be found in C.P. Slichter, Principles of magnetic 
Resonance, 3rd edition, Springer, Berlin, 1990 and R. Kimmich, NMR Tomography 
Diffusometry Relaxometry, Springer, Berlin, 1997 [13, 14]. 
 
Longitudinal relaxation. The recovery time of the longitudinal component of the 
magnetization zM  to its equilibrium value 0M  is the longitudinal or spin-lattice relaxation 
time 1T . The most common methods used to measure it are the saturation recovery and the 
inversion recovery. Details about the first method can be found elsewhere [6]. 
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Figure 2.4.4: (a) The inversion recovery pulse sequence; (b) the vector model of the nuclear 
magnetization illustrating the recovery of the magnetization in the z-axis; (c) the evolution of 
the longitudinal magnetization zM  as a function of τ . 
 
The inversion recovery method consists of two pulses: a 180° pulse which has the role of 
flipping the magnetization along –z-axis, followed after a delay τ  by a 90° reading pulse (see 
Fig. 2.4.4a). The NMR signal is registered as a function of the continuously increasing delay
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time τ  (see Fig 2.4.4b). For a correct determination of 1T , the maximum value of τ  has to be 
at least 5 times 1T . 
 
 
2.5 Quantum Mechanics Approach 
 
In the past two decades a variety of pulse NMR experiments has been developed with the aim 
of enhancing the information content or the sensitivity of NMR spectroscopy. A large number 
of NMR experiments (for instance, those involving multidimensional NMR) cannot be 
described by the vector model. Quantum mechanics, in the form of the density matrix theory 
and the product operator formalism provides a complete description of the spin system. This 
formalism systematically uses product operators to represent the state of the spin system. This 
section gives a short overview on the key concepts of quantum-mechanics necessary to 
describe a spin system, summarizes the main interactions between the spins in a spin system, 
and follows the evolution in time of uncoupled and coupled spin systems under the action of 
perturbations. 
 
2.5.1 Quick Overview of Quantum Mechanics 
In quantum mechanics the wave functions and operators are key concepts used to describe the 
spin systems. The wave functions are simple mathematical functions of position, time etc. 
which describe the spin system completely. If the wave function is known it is possible to 
calculate all properties of the system. Operators represent “observable quantities” such as 
position, moment, energy; each observable has an operator associated with it. Applied to a 
function they give raise to a new function. 
The Hamiltonian H  is the name given to the operator of the energy of the system. Its 
eigenvalues are the energy levels of the system to which eigenfunctions are associated. In 
NMR the Hamiltonian changes depending on the experimental situation.  
Often the eigenfunctions are considered time dependent while the operators are chosen 
time independent. The evolution, the change in time of the wave function is determined by the 
Schrödinger equation 
( ) ( ) Ψ⋅=Ψ
∂
∂
⋅ tt
t
i H  (2.5.1) 
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where  ⋅=Ψ
m
m ma , is the wave function of the system described as a linear combination 
of unperturbed basis states m  with ma  being the expansion coefficients. The magnetic 
quantum number m  is used to characterize the eigenfunctions m  of each state because the 
Hamilton operator is proportional to z-component zI  of the angular momentum operator if the 
spin-spin coupling is neglected (Eq. (2.3.5)). 
At this point the density matrix   and its elements ( ) ( )tata nmmn *⋅=ρ  can be 
introduced. The density matrix is a matrix whose elements represent all possible states of the 
system. The numerical value of each diagonal element represents the probability of finding 
the system in a particular state and the off diagonal elements represent the possible transitions. 
In this way it is easier to keep track of the evolution of the system under the effect of the 
rotations (pulses) and free precessions. This matrix is hermitean (its eigenvalues are real) and 
normalized ( *nmmn  = and { } 1ˆ =Tr ). The evolution of the density operator in the 
Schrödinger formalism is given by the von Neumann equation 
[ ]ρρ ,H=
∂
∂
⋅
t
i  
(2.5.2) 
where [ ] HHH ⋅−⋅= ,  represents the commutator of the two matrices. The solution of this 
equation at the time t is found in the unitary transformation 
1
0)( −⋅⋅= UU  t  (2.5.3) 
with ( )tit ⋅⋅−= HU exp)(  being the propagator or time evolution operator. For a spin system 
described by the operator ( )t  the evolution of the density matrix under pulses and free 
precessions (rotations) depends on the relevant Hamiltonian H  which acts on the system at a 
certain moment t . It can be calculated knowing the density matrix operator at a previous 
moment (i.e. ( )0 ) 
( ) ( ) ( )titit ⋅⋅⋅⋅⋅⋅−= HH exp0exp)(  (2.5.4) 
 
2.5.2 Anisotropic Nuclear Spin Interactions 
For samples which contain only identical spins, without interaction among them, for well 
determined values of the static magnetic field 0B  and the rf field 1B , there is only one 
resonance frequency. In a real sample, most of the spins feel a local magnetic field locB  
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different from 0B . Under these circumstances every spin has its own resonance frequency 
locB ⋅= γ  and its own energy level differences. As already mentioned, the energy levels are 
the eigenvalues of the Hamilton operator H  of the spin system. In an NMR experiment the 
effective Hamiltonian contains several terms which describe the magnetic and electric 
interactions which lead to the splitting of the energy levels of the nuclear spin states 
JDrfQZ HHHHHHH +++++= σ  (2.5.5) 
Equation (2.5.5) can also be expressed in a common analytical form [14] 
( ) ( ) ( ) ( )=
k
kk
ii tFft OH  (2.5.6) 
where if  are the spin interaction constants, ( ) ( )tF k  are the fluctuating structure functions and 
( )kO  are the spin operator functions. The Hamiltonians in Eq. (2.5.5), the interaction to which 
they correspond, and the sizes of these interactions are summarized in Table 2.5.1 
(Appendix). 
The Zeemann interaction arises from the splitting of the energy levels which follows the 
interaction of the magnetic moments with a magnetic field. It defines the NMR resonance 
frequency 0  and in high field experiments is often the most important interaction because 
the others are at least three orders of magnitude smaller and they can often be treated as 
perturbations (see Table 2.5.1 (Appendix)). 
The quadrupole interaction is the second largest NMR interaction. It is present only for 
nuclei with spin quantum numbers 
2
1
>I  which exhibit an electric quadrupole moment. This 
interaction is not treated in more detail as the NMR experiments in this thesis refer only to 
nuclei with the spin 
2
1
=I . 
The interaction with the applied rf field enables excitations of a detectable signal in NMR 
experiments. As seen in Table 2.5.1 (Appendix) it has the same general form as the Zeemann 
interaction. The difference is that 1B  is applied in the transverse plane and as a consequence 
only the transverse component of the spin angular momentum operator ( yx II or ) defines the 
interaction energy. 
Dipole-dipole interaction describes the through-space coupling of the magnetic moments. Its 
value depends on the magnetic moments and on the vector describing their relative positions. 
The effects of this interaction depend strongly on whether this vector is fixed in space or 
changes rapidly because of the relative motion of the nuclei. In a rigid lattice the nuclei can be 
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considered fixed, a reasonable approximation in many solids at room temperature. Classical, 
the interaction energy E  between two magnetic moments j  and k  with a radius vector r  
between them is given by 
( ) ( )
53
3
r
rr
r
 ⋅⋅⋅⋅
−
⋅
=
kjkjE  
(2.5.7) 
By treating the terms j , k , ),,( jzjyjxj IIII  and ),,( kzkykxk IIII  in Eq. (2.3.4) as operators of the 
coupled spins, and by generalizing it for an entire N  spin system, the general dipolar 
contribution to the Hamiltonian for N  spins can be written 
( ) ( ) ⋅−⋅⋅⋅−⋅⋅⋅⋅
⋅
⋅
=
kj
kjkzjz
jk
jk
kltrunc
D
,
2
3
0 3
2
1cos3
4
IIIIH
θγγ
pi
µ
r

 
(2.5.9) 
The average term in the fluctuating dipolar Hamiltonian 
( ) ( )
3
22
3
0 1cos3
2
1cos3
4
)(
jk
jkjk
jk
kj
jkjk
rr

−⋅
⋅∆=
−⋅
⋅
⋅
⋅
⋅
⋅
=
θθγγ
pi
µθ   
(2.5.10) 
represents the residual dipolar interaction within the considered spins system. It depends on 
the orientation (angle jkθ ) of the vector jkr  in the magnetic field 0B . The symbol ∆  is the 
homonuclear dipolar interaction constant. More details referring to the dipolar Hamiltonian 
truncation can be found in C. P. Slichter, Principles of Magnetic Resonance [13] and in 
section 2.6 referring to the residual dipolar coupling interaction. 
Magnetic shielding refers to the magnetic field felt by the nuclei inside the atoms. It is 
different from the applied 0B , due to the shielding effect of the surrounding electrons 
( ) 01 BB ⋅−=  (2.5.11) 
where  is the shielding tensor. The shielding depends on the electronic structure i.e. on the 
position of the position of the nucleus investigated, so by quantifying σH useful information 
about the structure of materials is obtained. 
The indirect dipolar coupling, or so called J-coupling, describes the homo- and 
heteronuclear couplings mediated by the electrons of the chemical bonds. Though it is the 
weakest interaction in NMR, the information provided can be considered as fingerprints of the 
chemical structure [6].  
Magnetic field gradients and susceptibility lead to unwanted effects in NMR as distortions 
of the spectrum. The local magnetic field locB  depends on the homogeneity of the main 
magnetic field 0B  and on the spin-spin interactions. Any local distortion leads to the presence 
  2 Basics of NMR 
  23 
of the magnetic field gradients. They are also present at interfaces of inhomogeneous 
materials as a result of the difference in the magnetic susceptibility. 
 
2.5.3 Excitation and Detection of Nuclear Transitions 
This section describes i) the quantum mechanics approach of the relaxation process in an 
uncoupled spin system already detailed classically in section 2.4.3 with the purpose of giving 
the quantum mechanics phenomenon a pictorial association (the vector model) and ii) the 
excitation of double-quantum transitions in a coupled spin system in order to prove the 
dependence of the double quantum signal on the restriction on the segmental motions which 
can be introduced by cross-linking and topological constrains [16]. This method has the 
advantage of being model free. 
 
Uncoupled spins. All NMR pulse sequences (experiments) can be described as a series of 
rotations (pulses) applied to the system followed by a time evolution of the system under the 
influence of various Hamiltonians. In a non-coupled spin system, every spin can be 
considered free, its motion not being influenced by the presence of the neighbours. The 
evolution of the density matrix operator of a system following a Hahn echo pulse sequence 
(see Fig. 2.4.3a) is discussed in the following. 
Time 1 in Fig. 2.4.3a: At the beginning of an NMR experiment, at thermal equilibrium and in 
the rotating frame, the density matrix operator is represented by the angular momentum 
operator zI  along z-axis 
( ) zI ∝1  (2.5.12) 
Time 2 in Fig. 2.4.3a: By applying a rf pulse along x-axis the system evolves under the 
relevant Hamiltonian xpt IH ⋅⋅−= 11ω , where 1pt  is the duration of the 90° rf pulse. The 
density matrix becomes 
( ) ( ) ( ) ( ) ( ) ypzpxpzxp tttiti IIIII ⋅⋅−⋅⋅=⋅⋅⋅⋅⋅⋅⋅−∝ 11111111 sincosexpexp2 ωωωω  (2.5.13) 
According to Eq. (2.4.4), if 1pt  is properly chosen the rf pulse can cause a 90° rotation around 
the x-axis, an the density matrix operator in Eq. (2.5.13e) becomes 
( ) yI −∝2  (2.5.14) 
Time 3 in Fig. 2.4.3a: From time 2 to time 3 the density matrix operator evolves freely under 
the offset Hamiltonian zIH ⋅⋅Ω−= τ  produced by the local field inhomogeneities. Its action is 
equivalent of a rotation about the z-axis at a frequency  
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( ) ( ) ( ) xy II ⋅⋅Ω+⋅⋅Ω−∝ ττ sincos3  (2.5.15) 
Time 4 in Fig. 2.4.3a: By applying a 180° pulse along y-axis the first term in the Eq. (2.5.15) 
is unaffected by the rotation about y. The second term evolves under the Hamiltonian 
ypt IH 1 ⋅⋅−= 2ω , where 2pt  is the duration of the 180° rf pulse 
( ) ( ) ( ) ( ) ( ) ( ) xzpxp tt III ⋅⋅Ω−=⋅⋅Ω⋅⋅−⋅⋅Ω⋅⋅∝ ττωτω sinsinsinsincos4 2121  (2.5.16) 
where 2pt is the duration of the rf pulse which causes a 180° rotation around the y-axis. Due to 
the trigonometrical relations the density operator in Eq. (2.5.16) becomes 
( ) ( ) ( ) xy II ⋅⋅Ω−⋅⋅Ω−∝ ττ sincos4  (2.5.17) 
By comparing the density matrix operators at times 3 and 4 it is seen that the x-component 
changes sign, the dephased spins being moved to a mirror image position, as stated in the 
classical approach. 
Time 5 in Fig. 2.4.3a: The density matrix operator evolves now freely under the offset 
Hamiltonian zIH ⋅⋅Ω−= τ  
( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) 





⋅⋅Ω⋅Ω−⋅⋅Ω⋅Ω+
+⋅⋅Ω⋅Ω−⋅⋅Ω⋅Ω−
∝
−∝
yx
xy
y
II
II
I
ττττ
ττττ
sinsinsincos
cossincoscos
)5(
 
(2.5.18) 
Thus the overall result of the spin echo sequence depends on the offset  and the delay 	, 
even though there is evolution during the delays. The offset is refocused by the spin echo. 
This is exactly the result of the classical approach of NMR experiment detailed in section 
2.4.3. For further details regarding the identities in Eq. (2.5.18) and the rules of rotation see 
C.P. Shlichter, Principles of Magnetic Resonance [13].  
 
Coupled spins. The energy levels and transitions of a two coupled 
2
1
 spin system pictured in 
Fig. 2.5.1 can be described by the wave function as 
( ) ( ) ( ) ( )↓↓+↑↓+↓↑+↑↑=Ψ 4321 aaaa  (2.5.19) 
and by the density matrix  






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






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

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



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(2.5.20) 
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Figure 2.5.1: Energy levels and possible transitions in a two coupled half spin system [10] 
 
According to quantum mechanics only the transitions for which the quantum number m  
changes by ±1 are directly observable. They correspond to the transverse magnetization and 
are called single-quantum coherences ( Q1 ). The absorption or stimulated emission of more 
than one rf quantum cannot directly be observed. These are the multi-quantum coherences, 
with m∆ =0 and ±2 ( Q0 and Q2 ) and they can be indirectly observed by multi-dimensional 
NMR. 
For a weakly coupled two-spin system (with 
2
1
=I ), there are sixteen (16) product 
operators i) the zero-spin operator 
2
E
 (where E  is the unit operator); ii) the one spin 
operators ( 1I ( zyx 111 ,, III ) and 2I ( zyx 222 ,, III )); iii) the two-spin operators 
( zzyzxzzyyyxyzxyxxx 212121212121212121 2,2,2,2,2,2,2,2,2 IIIIIIIIIIIIIIIIII ). The two-spin operators 
(product operators) are non classical in nature. As a general rule, if a product operator 
contains no operators for transverse magnetization, then they describe only populations. If it 
contains one operator for the transverse magnetization then it contains information on single-
quantum transition. If two operators of the transverse magnetization are present then the 
product operator contains information on double-and zero-quantum coherences. 
The product operator formalism, though more intuitive in following the evolution of 
the system under different rotations leads to long mathematical equations. The introduction of 
the irreducible tensor operators is an alternative, extremely useful in the multiple-quantum 
NMR. These tensors are defined by combinations of Cartesian spin operators ( zyxi ,,= ). The 
irreducible tensor operators pl ,T  obey well known transformation rules, following rotations of 
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the coordinate system and carry information concerning i) the multiple-quantum transition ( l ) 
and ii) the rank of the tensor operators formed by both the application of rf pulses and the 
subsequent time evolution of the nuclear ensemble ( m ). Transitions between different ranks 
of the tensor occur under the action of the dipolar Hamiltonian while rotations induced by the 
rf pulses lead to transitions between linear combinations of tensors having the same rank but 
different order. For a dipolar coupled spin 
2
1
 pair or a quadrupolar nucleus with spin 1=I , 
the irreducible tensor operators 0,22,20,1 ,, TTT ±  correspond to longitudinal magnetization, 
double quantum (DQ) coherences and dipolar order (DO), respectively. More details 
regarding the irreducible tensor operators and their evolution under rotations are given in 
reference [17]. 
 
Double-Quantum (DQ) excitation and evolution experiment. As already mentioned, the 
multi-quantum coherences are superposition states in which 1≠∆m , where two or more 
interacting spins 
2
1
 flip simultaneously. In the case of double-quantum coherences, both spins 
flip in the same direction, and for zero-quantum transition they flip in opposite directions (see 
Fig.2.6.2). They can be detected only indirectly via the modulation of directly detectable 
single-quantum coherences (transverse magnetization). 
The simplest method to excite and detect multi-coherences (MQ) exploits a time 
reversal procedure like a sequence of five nonselective 90° pulses (see Fig. 2.5.2). The multi-
quantum coherences order can be selected by the pulse phase in combination with suitable 
phase cycling during signal accumulation. The resultant sequence of the first two pulses and 
the free evolution between them is called the preparation propagator with the duration 	. In 
the subsequent multi-quantum evolution period 1t  the multi-quantum coherences precess and 
relax similar to the transverse magnetization, under the influence of certain Hamiltonians. For 
observation they are converted into directly observable single-quantum coherences or into 
longitudinal magnetization by the mixing propagator. The mixing propagator is a time inverse 
copy of the preparation propagator. The filter period allows the encoded information which is 
not already along z-direction to align up to this axis. In order to suppress the chemical shift 
evolution between 90° pulses, 180° pulses are centred in the preparation and the mixing 
propagators periods and forms a Hahn echo at the end [10]. The durations τ  of the excitation 
and the reconversion periods are equal, and the efficiency in pumping MQ coherences is high 
in the initial excitation/reconversion time regime. A build-up curve (signal amplitude versus 
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	) is recorded in this case, for which a maximum is observed as a result of the competitive 
effects of pumping MQ coherences and transverse relaxation of single quantum coherences 
[18]. 
1 time
AQ
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x90
°
x90
°
y90
°
y90
°
x90
°
x180
°
y180
Preparation MixingEvolution DetectionFilter
 
Fig.2.5.2: Pulse sequence for a double-quantum experiment. 
 
The double-quantum experiment starts with the spin system being z-polarized ( ( ) 0,10 T∝ ). 
After the action of the first 90° rf pulse along x-axis under the action of the Hamiltonian 
xpt IH 1 ⋅⋅−= 1ω  with duration 1pt , the spin density becomes 
( ) ( )sit p 1,11 T ⋅−∝  (2.5.21) 
During the first free evolution period of duration 	 the spin system evolves under the 
truncated Hamiltonian 0,2TH ⋅⋅= τωd , where dω  is the preaveraged intra-group dipolar 
coupling constant in elastomers [19] and 0,2T  is the dipolar order Hamiltonian acting during 	. 
Before applying the second 90° rf pulse this time along the –x-axis. The density operator is 
( ) ( ) ( ) ( ) ( )τωτωτ ddp aisit sin2cos 2,11,11 TT −⋅∝+  (2.5.22) 
and after 
( ) ( ) ( ) ( )τωτωτ ddpp aiitt sin2cos 2,20,111 TT −⋅−∝++  (2.5.23) 
As seen in Eq. (2.5.23), at the end of the preparation period, dipolar encoded longitudinal 
magnetization (LM) ( 0,1T ) and dipolar encoded DQ coherences ( 2,2T ) have been excited 
( ) ( ) ( )τωτ dppDQ aitt sin2 2,211 T −∝++  (2.5.24) 
( ) ( )τωτ dppLM itt cos0,111 T ⋅−∝++  (2.5.25) 
During the evolution period, the two terms will remain unchanged as 0,1T  and 2,2T  commute 
with 0,2T . In the case of imperfect 90° rf pulses or in highly inhomogeneous static magnetic 
fields 0B , the density operator in Eq. (2.5.25) contains also dipolar encoded and non-encoded 
single-quantum coherences ( )s1,1T , and dipolar encoded antiphase single-quantum coherences 
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( )a1,2T . LM and DQ multipolar spin states can be filtered from the other coherences and from 
each other by specific phase cycling schemes. 
The double-quantum coherences are recorded indirectly because only the single-
quantum coherences are directly observable as transverse magnetization. The conversion of 
DQ coherences into transverse magnetization is realized during the mixing period by the 
reversion of the excitation Hamiltonian which can be interpreted as reversing the time in the 
propagator. The third 90° rf pulse along y-axis makes the system evolve to 
( ) ( ) ( ) ( ) ( )τωτωτ ddppp siaitttt sin2cos 1,21,11111 TT −⋅−∝++++  (2.5.26) 
Between the third and the fourth 90° rf pulses the spin system in Eq. (2.5.26) evolves once 
again under the truncated Hamiltonian 0,2TH ⋅⋅= τωd  
( )
( ) ( ) ( )[ ]
( ) ( ) ( ) ( ) ( )[ ]τωτωτωτω
τωτω
ττ
dddd
dd
ppp
is
iai
tttt
sincossincos2
sincos
1,2
22
1,1
1111
−−+
+−−⋅−∝
∝+++++
T
T

 
(2.5.27) 
and at the end of the mixing period, after the fourth 90° rf pulse along the –y-axis the density 
operator is given by 
( )
( ) ( ) ( )[ ]
( ) ( ) ( ) ( ) ( )[ ]τωτωτωτω
τωτω
ττ
dddd
dd
pppp
ia
ia
tttttt
sincossincos2
sincos
2,2
22
0,1
11111
+−
−+∝
∝+++++++
T
T

 
(2.5.28) 
The two terms in Eq. (2.5.28) are not affected by the action of the dipolar Hamiltonian acting 
during the filter period, since it commutes with each of the two operators describing the spin 
state. The last 90° rf pulse on x-axis has the role of converting the dipolar encoded 
information into detectable signal 
( )
( ) ( ) ( )[ ]
( ) ( ) ( ) ( ) ( )[ ]τωτωτωτω
τωτω
τττσ
dddd
dd
pmpppp
ia
is
ttttttt
sincossincos2
sincos
1,2
22
1,1
111111
+−+
+−∝
∝+++++++++
T
T  
(2.5.29) 
The first term in the Eq. (2.5.29) represents the transverse magnetization on the y-axis, and its 
amplitude is modulated by the dipolar coupling constant ( dω ). The second term represents the 
antiphase magnetization and is not observable in our DQ filtered experiment. The double 
quantum build-up curves S  are obtained by normalizing the signal in Eq. (2.5.29) to a free 
induction decay obtained after a 90° rf pulse 
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(2.5.30) 
which leads to 
( ) ( )[ ]τωτω dd iS 22 sincos2
1
−=  
(2.5.31) 
Equation (2.5.31) shows that the quadrature detected DQ signals are encoded by the dipolar 
interactions: ( )τωd2cos  and ( )τωd2sin . In general, in elastomers the residual dipolar coupling 
is averaged by the different orientation of the end-to-end vector. Moreover, the end-to-end 
vector is distributed. This distribution can be described in the first approximation by a Gauss 
function and it is also averaged over by the NMR measurement. Both these averages will be 
described by the notation ( )... . The real part of the DQ filtered signal that gives DQ build-up 
curve when the excitation/reconversion time is changed is given by 
( )τωdS 2cos2
1
=  
(2.5.32) 
We remark also that the DQ signal is reduced in intensity by the factor 
2
1
 compared to the 
single quantum (SQ) NMR signal. Moreover, the coherent oscillation of the square of the 
trigonometric function will be strongly attenuated due to the averages over the orientation and 
length distributions of the end-to-end vector. In all the above considerations the relaxation due 
to the SQ coherences during the excitation and reconversion periods was not taken into 
account. If this is approximated by Gauss decay we can write 
( )



	












−=
2
2
2 2expcos
2
1
s
d T
S ττω  
(2.5.33) 
where sT2 is the effective transverse magnetization relaxation time of the fast decaying 
component of the FID. Due to growth character of the first trigonometric with τ  and a decay 
character of the second function the DQ build-up curve will show a maximum.  
 
2.6 NMR for Elastomers 
 
In a NMR experiment transverse relaxation refers to the attenuation of single-quantum 
coherences which are entirely absent when thermal equilibrium is reached. The losses of 
coherences are due to the dipolar and quadrupole couplings, scalar interactions, and chemical 
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shift anisotropy (see section 2.5.2). As seen in Table 2.5.1 (Appendix) the strength of the 
mentioned interactions is very different. In a relaxation experiment the dominant one is 
usually taken into account and the others are often neglected. The influences of the 
inhomogeneities of the magnetic field and chemical shift distributions can be reversibly 
refocused with the aid of spin echoes. The quadrupole interaction is present only in the case of 
spins with
2
1
≠I . The main mechanism responsible for the transverse relaxation is the dipolar 
interaction with 100 KHz strength or less. Due to the weak interaction strength the chemical 
shift anisotropy (3 KHz) and the J-coupling (100 Hz) can be neglected. 
As a consequence of the molecular dynamics, the local field produced by the dipolar 
interaction changes, leading to a spread in the precession frequencies. Depending on the 
frequency of the molecular motion and on the time scale the information is requested, the 
local field can be totally or partially averaged. The linewidth of the frequency distribution in 
the absence of the molecular motion ( )
rlω∆  and the correlation time of the fluctuating 
interactions cτ  (value up to which the motion may be neglected) is used to classify the 
molecular motion. 
In the complete motional-averaging limit ( ( ) 1<<⋅∆ crl τω ) the transversal relaxation 
is influenced by the secular (slowly varying) spin interaction, when 10 >>⋅ cτω  and by 
secular and non-secular (rapidly varying) spin interaction, when 10 <<⋅ cτω . The fluctuation 
rate of the spin interactions is high compared to the transverse relaxation rate, and the 
Bloch/Wangsness/Redfield (BWR) theory is used to describe the situation. 
For large spin systems, in the rigid-lattice limit ( ( ) 1>>⋅∆ crl τω ) the transverse 
relaxation is determined by secular spin interactions which now tend to be quasi-stationary on 
the time scale of the transverse relaxation. The proper theory to describe this situation is the 
Anderson/Weiss (AW) formalism. 
The condition ( ) 1≈⋅∆ crl τω  defines motions halfway between the motional-
averaging and rigid-lattice limits. The transverse relaxation is governed by the secular spin 
interactions. The fluctuations are not fast enough in order to completely average the dipolar 
interaction, and also this situation is described by the AW formalism. 
Polymers, liquid crystals and in certain cases adsorbate molecules on surfaces are spin 
systems with partially-complete/partially-incomplete motional averaging (situation ii) in the 
following lines). This situation is the result of the strongly anisotropic motion in polymer 
networks due to physical and chemical cross-linking points. The transverse relaxation is 
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determined i) by both the secular and the non-secular motion when ( ) ( ) 1<<⋅∆ acrl τω  and ii) 
only by the secular motion when ( ) ( ) 1>>⋅∆ bcrl τω . ( )acτ  and ( )bcτ  are the correlation times of 
the fluctuating interactions described as i) and ii), respectively. The latter situation is 
described by the AW formalism [14]. 
A main problem in analysing the relaxation data is the choice of the proper fit 
function. By deconvolution, information regarding the number and the amount of the 
components in a material and their relaxation times is obtained.  
In the classical NMR approach, the longitudinal and transverse magnetizations are 
considered to evolve following an exponential decay. This behaviour, established 
phenomenologically was incorporated into Bloch’ s equations (Eq. (2.4.21-2.4.22)). Using 
quantum mechanics, the BWR theory predicts also an exponential decay, though the starting 
assumption of this theory takes into account only very fast molecular motion, in which the 
dipolar coupling interaction is totally averaged. The AW formalism proves that in the case of 
rigid materials, when the dipolar interaction is only partially averaged, the transverse 
relaxation 2T  follows a Gaussian behaviour.  
 
2.6.1 BWR Theory 
Due to very fast molecular motion ( sc 910−<τ ) the dipolar interaction is completely averaged 
in liquids or in materials with a liquid-like behaviour. This is the case of the complete 
motional-averaging limit. Moreover it was shown that if the motion of the molecules is very 
fast with respect to the inverse Larmor frequency, the transverse relaxation is governed by the 
secular spin interaction.  
The relevant Hamiltonian H  responsible for the transverse relaxation can be written as 
a sum of two parts: a stationary Hamiltonian 0H  which includes the Zeeman interaction as 
well as other time-independent contributions (chemical shift, susceptibility shifts) and a time-
dependent Hamiltonian ( )tiH  
( )tiHHH += 0  (2.6.1) 
By changing from the laboratory frame to the rotating frame (quantities in this frame are 
indexed by a prime) the stationary Hamiltonian vanishes and the Liouville/von Neumann 
equation 2.5.2 becomes 
[ ]''' ,  iit H−=∂
∂
 
(2.6.2) 
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Starting with the zeroth approximation ( )0()( ''  =t ) and taking the ensemble average with 
( ) 0=tiH , the variation of the density matrix can be calculated for a time interval τ−=∆ tt  
with the aid of the Picard-iteration variant of time-dependent theory. 
( ) ( )( ) ( ) ( ) ( ) ( )( )[ ][ ] ττ dtti
dt
td
ii ⋅∞−−=
∞−

∞
0
''''
2
''
0,  HH

 
(2.6.3) 
where )(' ∞  is the stationary equilibrium density operator. The key assumption leading to 
Eq. (2.6.3) is that the time interval t∆  in which the information is required should be much 
longer than to the correlation time cτ  and much shorter than the transverse and the 
longitudinal relaxation times 2T  and 1T , i.e. 21 ,TTtc <<∆<<τ . This means that the evolution 
of the density matrix can be followed only in time intervals in the order of cτ , and in these 
intervals the density matrix should not vary too much. For further details regarding the 
perturbation theory of spin relaxation see R. Kimmich, NMR Tomography Diffusometry 
Relaxometry [14]. The expectation valueQ  obtained with the equation of motion (2.6.3) is 
described by 
( )( ) ( ) ( )[ ][ ]






⋅−−−= 
∞
0
'''
0
'
2
'
,,
1
ττρρ dQtHtHtTr
dt
Qd
ii

 
(2.6.4) 
Equation (2.6.4) is known as the master equation and is suitable for spins with I =
2
1
 and any 
interaction Hamiltonian iH  already mentioned in Table 2.5.1 (Appendix). The time evolution 
of the longitudinal and transverse magnetizations, longitudinal order, and multiple-quantum 
coherences can be thus determined. 
 
2.6.2 Autocorrelation and Spectral Density  
In order to solve Eq. (2.6.4) it is necessary to treat the ‘fluctuation operator’  
( ( ) ( )[ ][ ]
∞
⋅−
0
''
,, ττ dQtHtH ii ). As seen in Eq. (2.5.6), the time dependent Hamiltonian can 
contain functions ( ) ( )tF k  which describe the structure of the material and spin operators ( )kO . 
Due to the molecular dynamics the structure changes, and with it the spin interaction changes 
as well. A measure of the fluctuations in the spin interactions can be made with the 
autocorrelation function ( ) ( )tG k  of the structural function ( ) ( )tF k . It measures the correlation 
of the function ( ) ( )tF k  with itself in a time interval τ . The average over an ensemble is 
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( ) ( ) ( ) ( )ττ += − tFtFG kkk )()(  (2.6.5) 
Its initial values are equal to the mean squared fluctuations of the structure functions  
( ) ( ) ( ) 20 kk FG =  (2.6.6) 
 
Irrespective of the types of interactions and observables, it can be shown that the relaxation 
rates can be expressed in terms of the reduced autocorrelation function 
( ) ( )
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(2.6.7) 
The probability of fluctuations in the structure functions at a certain frequency ω  is 
given be the Fourier transforms of the autocorrelation functions. These are known as the 
spectral density functions 
( ) ( ) ( ) ( )
+∞
∞−
⋅= ττω ωτ deGJ ikk  
(2.6.8) 
The reduced intensity function ( )ωI  (also called spectral density function) is the Fourier 
transform of the reduced autocorrelation function ( ) ( ) ( )ττ kGG ~~ =  for all k  and it is supposed 
to be the same for all )()( tF k  
( ) ( )( ) ( )( ) ( )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−
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(2.6.9) 
The definitions of the reduced correlation function and the intensity functions are valid 
only in an ergodic spin system, where all the existing orientations are sampled by all the 
participants in the system if enough time is given. In the case of anisotropic motion, the 
correlation times are longer than the relaxation times, and the Eq. (2.6.7) can be further 
reduced to the part which is actually relevant for the relaxation 
( ) ( )
( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) 22
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kkk
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FF
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−
τ  
(2.6.10) 
In equation (2.6.10) ( ) 10~ =G  and ( ) 0~ =∞G , with ‘ ∞ ’  denoting a time of the order of the 
relaxation times. The averages refer to sub-ensembles which are ergodic on the time scale of 
the spin relaxation. This means that only reorientations that take place on this scale are taken 
into account. Thus equation (2.6.10) depends only on the orientation of the anisotropically 
reorienting spin system and also do the local relaxation rates. Once the correlation function 
has been established, the expectation values of the fluctuating operators can be determined. 
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Inserted into the master equation (2.6.4), the relaxation rate equations of the longitudinal and 
transverse magnetizations of an ensemble of systems consisting of two arbitrary spins 
I and S can be found, both in the hetero-spin equilibrium limit and in the like-spin limit 
( ) ( )
( ) ( )





−−−−=






−−−−=
0
1
0
1
0
1
0
1
11
11
zzSSzzSI
z
zzISzzII
z
SS
T
II
Tdt
Sd
SS
T
II
Tdt
Id
 
(2.6.11) 
and 
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(2.6.12) 
The terms SSSIISII ,,,  refer to the spins affected by the rf pulse. The longitudinal and the 
transverse relaxation rates for two like-spin system (which assumes a fixed inter-nuclear 
distance r ) are given in terms of the reduced spectral density ( )ωI  as 
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(2.6.14) 
Thus the systems of differential equations (2.6.11 and 2.6.12) define the time 
evolution of the longitudinal and transverse magnetizations under the action of dipolar 
couplings. Thus for very small correlation times ( sc 910−<τ ) the relaxation functions are 
described by simple exponential functions. 
 
2.6.3 Anderson/Weiss Formalism 
When the molecular motion of an investigated material is not fast enough, the dipolar 
interaction is not averaged anymore and the BWR theory is no longer valid. For these cases 
the local field approach is used in order to follow the evolution in time of the transverse 
magnetization. The local fields generated by the spin-spin interactions lead to a spread in the 
precession frequencies ( Ω - the offset from the resonance frequency), and the free induction 
decay (FID) due to such phenomenon can be described in the absence of the molecular motion 
( ) ( )ttiti eetM ϕ== Ω  (2.6.15) 
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where the brackets refer to the average over the spin system. The molecular motion produces 
fluctuations in the local field, at a frequency determined by the correlation time cτ . These 
fluctuations lead to fluctuations in the offset frequency and as a consequence the precession 
phase accumulated in a time interval can be written as a linear combination (in the form of an 
integral) of these offsets Ω  
( ) ( )Ω=
t
dttt
0
''ϕ  
(2.6.16) 
By writing the precession phase in a time interval with the aid of an even Gauss distribution 
function ( )tP ,ϕ  of the phase shifts ϕ  and expanding the exponential function, Eq. (2.6.15) 
becomes  
( ) ( )
!6!4!2
1,
642
)( ϕϕϕϕϕ ϕϕ −+−=== 
∞
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detPetM iti  
(2.6.17) 
Due to the fact that the local field each nucleus experiences is a superposition of the 
contribution of many interaction partners, the central-limit theorem can be applied and the 
offset caused by the local fields can be considered Gauss-distributed. The phase shift 
accumulated in a time t  is Gauss distributed as well, ϕ  being a linear combination of the 
Gauss distributed offsets Ω . Using the definition of moments of a Gaussian distribution it can 
be shown that the FID is a function which depends on the averaged squares of the phase shifts 
( )

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
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2
2
1
exp ϕtM  (2.6.18) 
Written in terms of the second moment of the precession phase distribution after a time t  , 
Eq. (2.6.16) becomes 
( ) ( ) Ω−=
t
dGt
0
2 2 τττϕ  
(2.6.19) 
Introducing this expression of the second moment into Eq. (2.6.18), one obtains the 
Anderson/Weiss formula for the free induction decay envelope of equivalent spins 
( ) ( ) ( )

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
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 Ω
t
dGttM
0
2exp τττ  
(2.6.20) 
If the changes in the local field produce a total loss of correlation, the correlation time 
cτ  represents also the mean lifetime of the local field for an exponential autocorrelation 
function 






−=Ω
c
tG
τ
exp . Thus the expected shape of the FID can be calculated by 
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introducing the exponential correlation function in the Anderson/Weiss formula and analysing 
the result in the terms of the motional limits presented above. 
Applied to the motional averaging limit when ( ) 1<<⋅∆Ω crl τ  where ( )rl∆Ω  is the full 
line width at half intensity in the rigid-lattice and when the correlation time is very small 
compared to the time one asks for information ( tc <<τ ), Eq. (2.6.20) reduces to an 
exponential 
( ) { }ttM c
rl
τ2exp Ω−=  (2.6.21) 
In the case of the rigid lattice limit, ( ) 1>>⋅∆Ω crl τ  and tc >>τ . In the relevant time range τ , 
one can approximate ( ) 1≈τG , and the shape of the FID describing the transverse 
magnetization relaxation takes a Gaussian form 
( )

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


 Ω−≈ 22
2
1
exp ttM
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(2.6.22) 
 
2.6.4 NMR Models for Polymer Investigation 
From the NMR point of view polymers are regarded as materials which reveal solid- and 
liquid-like behaviour. The liquid-like behaviour refers to the fast molecular dynamics 
responsible for the averaging of the dipolar coupling. The solid–like behaviour is the 
consequence of an anisotropic molecular motion due to the cross-linking points and the 
topological constrains. The higher the cross-linking degree the more restricted becomes the 
molecular motion. This leads to strong static dipolar coupling between spins, which are not 
averaged anymore. As a consequence when the residual dipolar coupling increases, the spins 
dephase faster and the transverse magnetization decays in a shorter time. This is the way how 
one can get information regarding the cross-link density by means of transverse relaxation 
times. In a real sample, apart form the cross-link chains Fig.2.6.1a-i) dangling chains (chains 
with only one fixed end – Fig.2.6.1a-ii), and free chains (Fig.2.6.1a-iii) coexist. In the 
following the effect of entanglements (physical cross-linked chains) is not taken into account. 
The two models discussed here (Gotlieb, Fedotov, Schneider (GFS Model) and Sotta , Fülber, 
Demco, Blümich, Spiess (SFDBS Model)) consider the polymeric chains between two cross-
link points to be formed of N  freely jointed Kuhn statistical segments of length a , with the 
square of the end-to-end vector 22 aNR ⋅=  and the contour length RaN >>⋅  (see 
Fig.2.6.1b). Further assumptions introduced in order to have a clearer description of the 
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transverse magnetization decay are the single chain model and the exclusion of inter 
molecular interactions. 
 
R
B0 ai
ii iii
a). b).
a) b)
 
Figure 2.6.1: Schematic representation of the polymer components (a) and details of the 
molecular chain between the cross-link points (b). 
 
In the Gotlieb-Fedotov-Schneider model, based on the ‘tube model’  of Gennes, [20] 
three typical motions are distinguished. First, a fast local motion of the segments (i,ii,iii in 
Fig. 2.6.1a) with a correlation time sf 910−=τ  is considered. Its anisotropy due to the 
limiting ‘tube’  and to the chemical cross-link points leads to a non-averaged dipolar 
interaction. Its value is quantified by the anisotropy parameter q , the ratio between the 
second moment 2M  of the lattice at the measurement temperature and the second moment 
rlM  of the rigid lattice at a temperature well below the glass transition temperature. The other 
two considered motions are the reptation (the chain folding fluctuation) and the tube renewal 
motion. They are slow isotropic motions with the correlation time ss
310−=τ  and cannot be 
distinguished. They contribute to the reduction of the remaining dipolar interaction. The 
model applies to the system where the conditions sf ττ << and 1<<q  are always fulfilled. 
For the anisotropic motion of the spins in a network, the following correlation function 
is taken into account 
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(2.6.23) 
The first term of the Eq. (2.6.23) is attributed to a fast motion ( 10 <≈fτω ) while the second 
term characterizes the slow motion ( 10 >>fτω ) of the intercross-link chains. Thus the liquid-
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like magnetization decay is assumed independent of the cross-link density and obeys the 
BWR theory. 2T  can be then expressed with Eq. (2.6.13) [15] 
frlMT
τ⋅=
2
1
 
(2.6.24) 
The first term in equation 2.6.23 can be described with the Anderson/Weiss formalism, as in 
Eq. (2.6.21). The sum of the two terms gives the decay of the magnetization corresponding to 
the correlation function in Eq. (2.6.24) and the assumptions described above 
( )








−⋅+











	






−+





−⋅−−⋅+
+











	






−+





−⋅−−⋅=
solss
srl
ss
srl
T
tCttMq
T
tB
ttqM
T
tAtM
,2
2'
2
2
2
exp1expexp
1expexp
ττ
τ
ττ
τ
 
(2.6.25) 
where A, B, C represent the parts of the magnetization in inter-cross-link chains, dangling 
chains, and sol fraction (free chains), and 'q  is the anisotropy parameter attributed to the 
dangling chains. A difference between sτ  of the inter-cross-link chains and dangling chains is 
not possible due to their wide distribution. Further details regarding this model can be found 
in U. Heuert, M. Knoergen, H. Menge, G. Scheler, H. Schneider, New aspects of transversal 
1H-NMR relaxation in natural rubber vulcanizates [21]. 
When the correlation time of the slow motion is higher than the relaxation time of the 
magnetization on the NMR scale ( ts >>τ ), the rigid lattice limit case is approached 
( ) 1>>⋅∆ crl τω . Under these circumstances Eq. (2.6.26) can be written as 
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(2.6.26) 
Based on Gotlib’ s idea [22], the mean molecular mass of the chains between the cross-
linking points cM  can be determined. It has been shown to be function of the anisotropy 
parameter q , the molecular mass 
N
M ru
 of one monomer unit per number N  of backbone 
bonds in one unit, and the number 
∞
c  of backbone bonds in one Kuhn segment 
N
M
c
qq
M ruc ⋅⋅
−
⋅=
∞
0
1
5
3
 
(2.6.27) 
where the parameter 0q is the contribution of the entanglements (chains only physically cross-
linked), not considered in the relaxation, and it can be determined by measuring the 
anisotropy parameter in the non cross-linked systems. 
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The Sotta, Fülber, Demco, Blümich, Spiess model classifies the motion in i fast 
isotropic rotational motion of the functional groups located on the same segments; the 
resulting dipolar coupling is completely averaged, ii) slow anisotropic molecular motion of 
the chains between two cross-linking points, and iii) an ultra-slow anisotropic motion of the 
chains in the bulk, the latter two contributing to a non-averaged dipolar coupling. 
As already shown for two dipolar coupled spins (Eq. (2.5.10)) the spatial part of the 
dipolar Hamiltonian depends on the orientation of the position vector in the static magnetic 
field. In the same way, the dipolar interaction within a chain between two cross-link points 
may be expressed as 
( )
2
1cos3 22
22,
−Θ⋅
⋅⋅∆= R
aN
k
RIJω  
(2.6.28) 
where Θ is the angle between the end-to-end vector R  and the magnetic field. The geometric 
factor k depends on the model which is adopted to describe the chain statistics (i.e.
5
3
=k ). 
The parameter N  is a number proportional to the number of Kuhn segments between two 
cross-linking points. It takes the local dynamic as well as the limited chain flexibility into 
consideration. In this way N  describes the effect of the long or medium range structure on 
the NMR interactions. The dipolar interaction then scales with 1−N . 
The free induction decay of the magnetization is written as a product of a 
homogeneous and an inhomogeneous decay 
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The cosine term describes the solid-like behaviour which leads to a non vanishing average of 
the dipolar coupling and to an inhomogeneous broadening of the spectrum, and 2T  is the time 
constant of the liquid-like decay responsible for the homogeneous broadening of the 
spectrum. In the fast motion limit, at temperatures well above the glass transition temperature, 
the 2T  term contribution of the 2T  term in Eq. (2.6.29) evolves slower than the solid-like term 
and can be neglected. Assuming that considerably disordered systems (polymers) are 
investigated which obey a Gaussian distribution of the end-to-end vectors, the magnetization 
decay becomes [23] 
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Where 
k
NN e = . Remarkable in the Eq. (2.6.30), is that only one parameter is used to 
describe the shape of the FID and that the time axis is scaled by 
eN
1
. In the short time limit, 
( 1222 <<∆ − tN e ) the cross-link density is expected to be proportional to the inverse variance of 
the Gaussian component from a Gauss-exponential fit 
( ) 




 ∆−≈ − 220 6
11 tNMtM e  
(2.6.31) 
The quantity 
3
22 −∆ eN
 can be interpreted as the second moment 2M  associated with the 
residual interaction IJω . In the long time limit ( 1222 >>∆ − tN e ) the cross-link density is 
expected to be proportional to the relaxation rate of the slow component  
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11
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
 ∆−≈ tNMtM e  
(2.6.32) 
In both cases the expected cross-link density dependence was observed experimentally. 
 
Comparison of the two models. The initial assumptions and the limitation of the two 
models in interpretating the transverse magnetization relaxation obtained from Hahn echo 
measurements were largely discussed in M. Knörgen, H. Menge, G. Hempel, H. Schneider, 
M.E. Reis, Relationship between the transverse NMR decay and the dipolar interaction in 
elastomers: a comparison of two models [24]. The dependence of the anisotropy parameter on 
the model was theoretically proved and the suitability of the two deconvolution functions (see 
Eq. 2.6.25 and 2.6.31) as well as the calculation of the molecular mass (chemical and physical 
links) between two cross-linking points for a wide range of cross-linked system was 
experimentally verified. 
In GFS Model the length of the end-to-end vector is fixed and a Gaussian distribution 
of the dipolar interactions is assumed. As in the SFDBS Model the scaling concept was used 
in order to reduce the original dipolar interaction between neighbour spins to weaker residual 
interactions on the scale of independent (inter-cross-link) chain segments. In the SFDBS 
Model the cross-link motion is considered to be very slow. The end-to-end vector is constant 
during the experiment and as an ensemble it is assumed to exhibit a Gauss distribution. The 
spin-pair approximation is taken into account. 
By comparing equations (2.6.25) and (2.6.31) which describe the behaviour of the FID 
in cross-linked systems and in the short time limit when st τ<<  in the GFS Model and 
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definition equation of the anisotropy parameter 
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M
q 2=  which can also be written as 
2
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N
kq  [25] and the relation between the second moment of the rigid lattice and the 
homonuclear dipolar constant ( 2
20
9 ∆⋅=rlM ) a weak dependence of the anisotropy parameter 
on the model is observed ( q in model A = q⋅86.0 in model B).  
The intercrosslink molar mass cM  (chemical and physical links) in the case of a well 
determined (and sharply distributed) chain length is 
b
McNk
M ruec
⋅⋅⋅
=
∞
 - in the SFDBS 
Model and 
qb
Mck
M ruc
⋅
⋅⋅
=
∞
 - in the GFS Model, where the parameters have the same 
significance as in Eq. (2.6.27), and b represents the number of backbone bonds in one 
monomeric unit. 
The GFS Model was considered more appropriate in describing the weaker cross-
linked systems while the SFDBS Model shows better fit results for higher cross-linked 
systems. The values of the calculated parameters cM  as determined from the two models and 
also from the mechanical stress-strain measurements correspond very well. 
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3 Thermoplastic Polyurethanes 
 
3.1 Introduction 
 
Mechanical and thermal properties of polyurethanes are influenced by the number average 
molecular weight, the type and the amount of the hard and soft segments, the interaction 
between these two phases and by the capacity of SS to crystallize. The purpose of the present 
investigation is a better characterization of thermoplastic polyurethanes at micro- and 
macroscopic levels, using a combination of testing methods like DSC, rebound resilience, 
hardness, tensile testing, and NMR. The understanding of the correlation between the 
microscopic properties such as molecular mobility and segmental order determined by the 
NMR measurements and the macroscopic properties determined from the above mentioned 
classical methods can lead to the manipulation of their composition and morphology in order 
to achieve specific properties. Moreover, a good correlation between the microscopic and 
macroscopic parameters with varying composition can recommend low field NMR as a 
potential method in quality control, having the advantages of being very fast, relatively low 
cost and partially non-destructive. 
 
3.1.1 Polyurethane chemistry, structure and property relationship 
Otto Bayer who in 1937 described the polyaddition of diisocyanates and diols did the 
pioneering work in the field of polyurethane chemistry (see Fig. 3.3.1) [26, 27]. Nowadays 
polyurethanes include all polymers that contain urethane, urea or other isocyanate-derived 
groups. The covalently cross-linked polyurethanes are thermosets. Depending on the chemical 
composition they are mainly used for rigid and flexible foams. Thermoplastic polyurethanes 
(hereafter TPU) are segmented polyurethane, which present a phase-separated structure. They 
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are historically the first representatives of the class of thermoplastic elastomers [28]. These 
materials combine the processability of thermoplastics with rubber-like elastic properties. 
Thermoplastic polyurethanes are well established in various applications because of their 
property profiles. The particular advantages of TPUs are their excellent tensile strength, 
resistance against abrasion and wear, resistance against ozone and oils, and flexibility at low 
temperature. Because of the great variety of available raw materials and the great number of 
possible variations in the methods of preparation, TPUs are probably the most versatile 
thermoplastics available today. They are used in a broad range of applications like foams, 
fibres, biomedical materials but most of the applications are in the CASE-sector (Coatings 
Adhesives Sealant Elastomer) [29-32]. 
 
 
Fig. 3.1.1: Key reaction in the polyurethane materials: the reaction of the isocyanate and 
hydroxyl group which leads to the formation of the urethane. 
 
Reactants 
The generally used reactants for segmented polyurethanes are diisocyanate, a polyol and an 
extender. In most cases, segmented TPUs are regarded as multi-block copolymers of (AB)n 
type, where A and B represent repeat units of the hard and soft segments, respectively (see 
Fig. 3.1.2) The hard segments (hereafter HS) are responsible for the dimensional stability of 
the TPU product, by providing physical cross-links through hydrogen bonding and acting as 
filler reinforcement to the soft segments (hereafter SS), which are responsible for the 
flexibility of the TPU materials. The hard segment originates from the diisocyanate and chain 
extender, whereas the soft segment usually is the polyol. Commonly used diisocyanates are 
diphenylmethane-4-4’ -diisocyanate (MDI), toluenediisocyanate (TODI) and hydrogenated 
MDI [33]. The other major compound of polyurethanes is the polyol in the form of 
polysiloxanes, polyethers (poly(tetramethyleneoxide)), polyesters (poly(-caprolactone)) and 
hydrocarbon based polyols (polybutadiene). As chain extenders are used 1,4-butanediol, 1,4-
butanediamine, or 1,6-hexanediol. The choice of one of these reactants has a major influence 
on the final properties of the resulting polymer: the MDI based polymers, due to their superior 
reactivity, have better physical properties than TDI based polymers [34]; the number of 
carbon atoms in the chain extender has a major influence on the structure of HS and 
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influences properties like the degree of phase separation and the melting point [35-37]; 
polyester-based SS lead to relatively good material properties, however they are susceptible to 
hydrolytic cleavage of the ester linkage [34]. 
Polyurethanes are usually prepared in one- or two-step procedures. In the one-step 
procedure all reactants are mixed together and the resulting polymer has a random distribution 
of monomer and polyol units. For a better control of these parameters, the two-step process is 
preferred: the polyol is reacted with an excess of the diisocyanate and forms the prepolymer, 
which is subsequently reacted with the chain extender and results in the formation of the high 
number average molecular weight polyurethane. Moreover, the hydrogen index (the molar 
ratio of all NCO groups to all OH-groups) can be thus adjusted through the amount of chain 
extender that is calculated according to the determined NCO-number in the prepolymer. A 
hydrogen index below 1 leads to linear molecular structures (all OH groups within the 
material - coming both from the polyol and from the chain extender, react with the NCO 
groups in diisocyante) and to better phase separated materials, compared to higher values of 
the hydrogen index. The final properties of the TPUs can be thus manipulated. 
 
 
a)
b)
 
Fig. 3.1.2: Schematic representation of the structure of segmented polyurethane (a) and the 
distribution of the phases in the bulk (b). 
 
These synthetic procedures in preparing the polyurethanes have the disadvantage of 
leading to a distribution in the hard block length [38]. Moreover, the generally used 
prepolymers are polydisperse. Both facts result in a quite inhomogeneous chemical 
composition of the copolymer. The dispersities in the lengths of the hard and the soft blocks 
influence the material properties. The phase separation within these block copolymers is 
incomplete. One part of the hard blocks, in particular the shortest one, is dissolved in the soft 
phase causing an increase in the glass transition temperature, an undesired effect for the low 
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temperature flexibility of the material. The polydispersity of the hard block is manifested in a 
broad melting range and a rubber plateau of the E-modulus that depends on temperature. 
 
Phase separation 
Usually the hard and the soft segments have a positive heat of mixing and are therefore 
incompatible and try to phase separate. However, the topology of the polyurethane chains 
restricts the segregation, leading to the formation of a mixed phase. The Flory-Huggins 
solubility parameter , the degree of polymerization, conformational and steric constrains, and 
the weight fraction of the components are taken into account when the microphase separation 
of the block-copolymers and the thermodynamics behind the process are discussed [39]. For 
example, longer block length lead to higher degrees of phase separation and more ordered 
domains of the hard segments. 
The morphology of these systems plays an important role in determining the final 
properties of a product. For polyurethanes several factors influence the morphology. Factors 
like crystallization, inter-phase mixing, hydrogen bonding in segments, the hydrogen index, 
and the dependence on the thermal history, all influence the final morphology of a system. A 
wide variety of literature has been dedicated to this [40]. 
 
Side reactions 
The main reaction in the synthesis of polyurethanes is the reaction between a diisocyanate, 
chain extender and polyol, which is supposed to give a linear polymer. Side reactions such as 
dimerization, trimerization, carbodiimide, biuret and allophanate formation can also occur 
during the synthesis of polyurethanes [34, 35, 37]. In the range of temperatures 120 - 150° C 
the formation of allophanates and biurets has a significant contribution, while below 80° C, 
the rate of the reaction between isocyanates and urea groups (biuret reaction) is 20 times 
lower than the reaction between isocyanates and alcohol functionalities [41]. Under these 
conditions, the allophanate reaction is negligible. All these side reactions change the initial 
stoechiometry of the extension and thereby limit the final number average molecular weight 
and yield branched or even cross-linked polymers [42].  
 
Mechanical properties 
The superior mechanical properties of polyurethanes are a result of microphase separation of 
the hard and soft domains. The hard segments act as fillers and multifunctional cross-linkers 
contributing to an enhancement of the mechanical properties. Below the glass transition 
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temperature gT  of the soft segments, polyurethanes are rigid; above the melting temperature 
of hard segments they behave like liquids. Between these two transition temperatures the 
TPUs have a typical thermoplastic behaviour with decreasing strength and modulus as 
temperature increases. 
In general, the behaviour of these materials depends on the size and concentration of 
the hard segment domains, the strength of the hard segment aggregation, the ability of the 
segments to orient in the direction of stress, and the ability of the soft segments to crystallize 
under strain [34]. The length of the soft segments also has a strong influence on the 
mechanical properties. Short soft segments (800 - 1500 g/mol) generally lead to rigid, high 
modulus materials while long soft segments (2000 - 5000 g/mol) yield elastic materials, 
which may show strain induced crystallization of the soft segments.  
 
 
3.2 Experimental 
 
Materials 
All samples investigated in this chapter were provided by Freudenberg Forschungsdienste, 
KG, Germany - TPU Department in collaboration with Merkel Freudenberg Fluidtechnic 
GmbH, Germany. The 14 TPUs samples in this study have been prepared form MDI, sold as 
flakes in 50 kg-drums and 1.4-butanediol, commercial grade, purchased from Bayer using the 
two-step procedure. A monourethane-type mold-release-agent product of Freudenberg 
Dichtungs-Schwingungstechnik K.G. was used in 0.5% concentration. Difunctional 
polycaprolactones (PCL) with different number average molecular weights were purchased 
from Solvay Interox. The four types of PCL were: Capa 2054, 2125, 2205, and 2304 with a 
number average molecular weight ( nM ) of 550 g/mol, 1250 g/mol, 2000 g/mol and 3000 
g/mol respectively, all started with diethylene glycol. All chemicals were used as received 
without any pretreatment. About 4 kilograms PCL were heated up to 90° C in an iron vessel. 
The MDI was added and mixed into the polyol by stirring. The mixture clears up as the MDI 
melts. After stirring for 45 minutes at 90° C a sample of the prepolymer was taken out and the 
NCO content was determined by the method of Spielberger (standard procedure for NCO 
determination: DIN 53185, EN ISO 11909). Then the amount of 1,4-butanediol was 
calculated so that it yielded a final NCO-index of 0.99. Before the addition of the chain 
extender the mold release was added. When it dissolved, the butanediol was added and 
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intensely stirred into the mixture for 30 seconds. Then the mixture wass poured onto a teflon-
lined tray, which was heated to 120° C. The mixture solidified to a plate with a thickness of 2 
cm and was taken out of the tray after 30 minutes. 
The formulations were calculated in a way that the sizes and ratios of hard segments 
were varied to specific numbers (see Table 3.2.1 (Appendix)). In each row of the Table 3.2.1, 
HS grow in size from left to right as the mass fraction is increased while using the same 
polyol. In each column the mass fraction of HS is held constant as the size of the polyol is 
increased. This means that HS grow in size by the same rate as the polyol is increased in 
number average molecular weight from one step to the next, but their number is reduced, so 
that the total concentration of the hard phase is always the same. The interphase between hard 
and soft phase decreases as the domain size of the phases increases from top to bottom. 
 
Differential scanning calorimetry  
DSC experiments were performed on a DSC 820 Mettler Toledo instrument calibrated against 
indium and zinc. The heating rate was 10° C/min. The samples were measured from -80° C up 
to +280° C and the first heating curve was registered. The cooling was done with liquid 
nitrogen using hermetically sealed sample pans, which weighed 20 - 35 mg. The precision of 
the DSC measurement is 0.1° C. 
 
Rebound resilience 
The resilience is an indicator of the material elasticity or “springiness” (definition according 
to the Polyurethane Foam Association). Standard rebound resilience is the ratio between the 
returned energy when a spherically terminated mass impacts a flat test piece, firmly held 
while free to bulge. The values obtained are given in the terms of rebound resilience. The 
rebound resilience (R) is given by 
100
I
RR
α
α
=  (%)         (3.2.1) 
with Rα  the angle of rebound and Iα  the angle of impact.  
Rebound resilience properties were tested at 23° C and 50% air humidity. The tests 
were done with a Schob-Pendulum (Zwick), with 2 m/s velocity and 0.5 J energy at impact, 
according to the standard DIN 53512. 
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Hardness 
One of the most common methods of hardness testing (Rockwell), hardness is determined by 
the depth of the indentation in the test material resulting from the application of a given force 
on a specific indenter [43]. Hardness measurements have been done on a ‘digi test’  testing 
machine, produced by Heinrich Bareiss Prüfgerätebau GmbH, according to the standard DIN 
53505. Plane parallel 6 mm thickness injection moulded plates were used, and the results are 
given in terms of Shore A. Tests were performed at a constant temperature of 23° C and 50% 
air humidity. The values of hardness as Shore A are in the rage 0 – 100 hardness units, where 
0 means 2.5 mm indentation and 100 no penetration at all. 
 
Tensile test measurements  
Uniaxial tensile testing was used to characterize the mechanical deformation behaviour of the 
thermoplastic polyurethane samples. Tensile bars of 75 mm total length, 4 mm width and 2 
mm thickness were cut from the injection-moulded plates post-cured for 24 h at 110° C. The 
bars were strained at 23° C and 50% air humidity at a crosshead speed of 200 mm/min. The 
initial force used was of 0.5 N. Tensile testing experiments were performed on a Zwick/Roell 
Z020/SN3A.02S0 test machine, according to the standard DIN 53504-S2. 
 
NMR measurements 
Proton NMR longitudinal and transverse magnetization relaxation decays (“ 1T ” and “ 2T ” - 
relaxation decays) were measured on a Bruker Minispec NMR – mq20 spectrometer at a 
proton resonance frequency of 20 MHz. The durations of the applied pulses were 1.86 µs for 
the 90° pulse and 3.68 µs for the 180° pulse. The dead time of the spectrometer is 10 µs. The 
spectrometer was equipped with a BVT3000 variable temperature unit. The achieved 
temperature stability is ± 0.1° C. All longitudinal magnetization relaxation experiments were 
performed at 40° C. The transverse magnetization relaxation experiments were performed at 
both 40 and 150° C. The proton relaxation measurements were reproducible within 1%. Due 
to the slight inhomogeneities within the materials, a global 5% error was taken into account 
when analysing the data. The room temperature samples were equilibrated with the measuring 
temperature by keeping them inside the measuring device for 15 minutes prior to the 
measurement. The measurement time used to obtain each relaxation curve depends primarily 
on the signal-to-noise ratio (64 scans were used) as well as on the relaxation time itself. All 
transverse magnetization relaxation measurements performed on one sample at 40° C and 
150° C lasted 2.4 h. The longitudinal magnetization relaxation experiments lasted 4 h. 
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In order to record the longitudinal magnetization relaxation curves the inversion 
recovery pulse sequence was used: nacquisitiot yx −−−
00 90180 . The purpose of these 
measurements was to determine the longitudinal relaxation time of the components of the 
TPUs in order to choose the optimum recycle delay for the transverse magnetization 
relaxation experiments. Statistically, the most relevant function, which described their 
behaviour, was a linear combination of two exponential functions as shown below: 
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where SA  and LA  are the amplitudes of the hard and soft components characterized by the 
effective longitudinal relaxation times ST1  and LT1 , respectively. The coefficients α  and β  
have been introduced due to the fact that the starting time of the experiment is 0.7 ms. 
The free induction decay (FID) was measured in order to record the fast part of the 
transverse magnetization relaxation decay, which corresponds to the signal from the hard 
segments. The FID edited by a Hahn echo pulse sequence nacquisitiott xx −−−−
00 18090  is 
detected. The inter-pulse delay of t = 13 µs was chosen to overcome the spectrometer dead 
time. The FID is collected starting with the time 0902
126 tst += µ  from the beginning of the 
experiment to 900 µs. The point in time from the middle of the first pulse is considered as 
zero time [44].  
A Hahn echo pulse sequence acqusitiontt xx −−−−
00 18090  was used to record the 
long decay component of the magnetization decay corresponding to the soft segments. The 
amplitude ( )tM  of the Hahn echo is not sensitive to the inhomogeneities of the static 
magnetic field and chemical shielding interaction. By varying the pulse spacing from 35 µs to 
3000 µs the amplitude of the Hahn echo was recorded as a function of time. 
The effective relaxation times for the hard and soft segments as well as the relative 
fraction of the relaxation components were obtained using a linear combination of a Gaussian 
for the rigid segments and an exponential decay function for the amorphous segments as fit 
function. This was the statistically most relevant fit function for the transverse magnetization 
relaxation ( )tM ,  
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where SA  and LA  are the amplitudes of the short and long decays characterized by the 
effective transverse relaxation rates ST2  and LT2 , respectively. The experimental data were 
fitted according to Eq. (3.2.3) using the Microcal Origin 6.0 software. The relative fractions 
( )LSiAi ,=  of the decay components were determined using 
( )
( )%100*
%100*
LS
L
L
LS
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AA
A
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=
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=
        (3.2.4) 
The experiments to measure the proton double-quantum build-up curves were 
performed on the same low-field NMR spectrometer as the longitudinal and transverse 
magnetization relaxation experiments. Even and odd order multiple-quantum build-up curves 
can be measured using the five-pulse sequence (Fig. 2.5.2) [45]. The phase cycling scheme 
used for detection of the MQ coherences of the order p2±  is described in Refs. [46]. The 
length of the 090  radio-frequency pulse was about 1.86 µs, and a 1 s recycle delay was used. 
The pulse sequence implemented on the Bruker Minispec had 0180  refocusing pulses (of 3.68 
µs length) in the middle of excitation and reconversion periods. The DQ evolution time 1t  and 
the z-filter delay fτ  were fixed both to 20 µs (see Fig.2.5.2). The values of the residual 
second van Vleck moments were obtained from the experimental data based on the procedure 
presented below. All DQ NMR experiments on TPU samples were performed at 40° C. In 
order to improve the signal-to-noise ratio, 128 scans were accumulated. Each measurement 
lasted 3 h. 
 
 
3.3 Results and Discussion 
 
3.3.1 DSC Measurements 
Thermal properties of polymers were studied by measuring the glass transition temperatures 
gT , crystallization, and melting behaviour. The differential scanning calorimetry 
measurements were carried out on the TPU samples in order: i) to establish the range of 
temperatures where different thermal transitions occur and to which phase transitions they can 
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be attributed, ii) to identify the ranges of temperature without thermal transition when NMR 
experiments can be performed, iii) to establish a correlation between DSC and NMR data. 
Figure 3.3.1 (a, b and c) shows detailed DSC scans for all samples in Table 3.2.1 
(Appendix) (Fig. 3.3.1a – SS - glass transition temperature range; Fig. 3.3.1b – SS and mixed 
phase - melting temperature range; Fig. 3.3.11c – HS - melting temperature range). In order to 
present the three transition ranges in detail, the DSC scans were divided in three parts and 
each set of traces was scaled to fit the build. The thermodynamic parameters are summarized 
in Table 3.3.1 (Appendix). The values in Table 3.3.1 (Appendix) have been obtained from the 
first heating curve. Three samples have been analysed twice, in order to test the homogeneity 
of the samples. The reproducibility of the DSC measurements was of ±1°. The reasons for 
analysing only the first heating curves is that by heating the samples up to +280°C irreversible 
changes arise. The DSC scans are needed to interpret the NMR results in terms of the 
composition of a TPU sample at a certain temperature, and only the first heating curve 
describes them in the same state as the one seen by NMR.  
The studied TPU materials show multiple endotherms (ENDO) between the glass 
transition temperature of the soft segments and the melting temperature of the hard segments 
(cf. Fig. 3.3.1a, b and c and Table 3.3.1 (Appendix)). By comparing the endotherms of the 
samples with the same content of soft segments, it is evident that decreasing the content of 
hard segments within these materials, their structure is affected, the melting peak maxima of 
HS being shifted to lower values. This indicates that the soft segments influence the 
crystallinity of the hard segments, by introducing disorder in their structure [47, 48]. 
Moreover, the introduction of HS in a SS matrix shifts the glass transition temperature of pure 
SS towards higher values (see Fig.3.3.1a and Table 3.3.1 (Appendix)). According to the 
literature [49] the glass transition temperature of pure PCL ( nM = 2000 g/mol) is around -60° 
C. As seen in Table 3.3.1 (Appendix), the glass transition temperatures of the studied TPUs 
cover a broad range, from -50° C up to +10° C, depending on the block lengths of SS and the 
amount of HS. The observed results may be explained by a stronger interaction between soft 
and hard segments. This means a better miscibility of these two phases, with increasing HS 
content and decreasing the number average molecular weight of SS [50]. 
Considering the sets of samples with the same nM  of the SS, it is observed that by 
increasing the content of HS within these matrices, the glass transition temperature gT  
increases (see Table 3.3.1 (Appendix)). Similar results are reported also in the literature [51, 
52]. This behaviour could be explained by an increase of the mixed phase with increasing HS. 
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Fig. 3.3.1: DSC scans at a heating rate of 10° C/min for the 14 studied TPU samples: the glass 
transition temperature range (Fig. 3.3.1a), the melting temperature range of the crystalline soft 
segments and the mixed phase (Fig. 3.3.1b) and melting temperature range of the hard 
segments (Fig. 3.3.1c). 
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Other studies [34] showed also that a change in the glass transition temperature of the soft 
segments with changing composition indicates a change in the microphase separation. By 
keeping the content of HS constant, an increase of the number average molecular weight of 
SS leads to a decrease of gT of SS. This behaviour is expected because the longer the chains 
of SS, i.e., the higher nM , the better is the phase separation within the material [53]. This is 
due to the fact that longer SS chains imply also longer, better-built HS, less soluble in the SS 
matrix. This means a purer soft phase. The ratio between the mixed phase and the pure (hard 
or soft) phase is smaller for samples with larger nM , and higher for samples with smaller 
nM . 
The DSC scans show small endotherms around 65° C and below 40° C (cf. Fig. 3.3.1b 
and Table 3.3.1 (Appendix)). They are attributed to the melting of SS. According to the 
literature [54], pure crystalline SS melt around 50° C. The samples 7 and 11 (23% HS and 
2000 g/mol and 3000 g/mol nM  of the polyol as soft segments) show melting points near 47° 
C. Due to the low content of HS, the SS are comparatively pure and their melting temperature 
is close to the theoretical value. For the other samples the melting peaks are 20° C below and 
above the reported temperature of 50° C. The reasons for this behaviour could be: i) The 
higher the number average molecular weight of the polyol used as soft segment, the better it 
can crystallize. At the same time, with increasing amount of the hard segments the 
crystallinity of the soft segments is reduced (see samples with 36% HS, 45% HS and 54% HS 
and 3000 g/mole nM  of the polyol as soft segment). ii) For the rest of the samples the effect 
is opposite. An increase of the amount of the hard segments leads to an increase of the 
melting point of the crystalline soft segments. One has to consider the broadness of the 
endotherm. In most cases the onset (the temperature when the process starts) is at 50° C and 
the endset (the temperature when the process ends) goes up to 80° C. Considering all this, the 
above mentioned endotherms are attributed to the melting of a mixture of crystalline SS and a 
very disordered mixed phase, containing hard and soft segments. 
The melting peaks in the range of 80° C to 120° C are attributed to the mixed phase. 
This phase is often observed in diblock and triblock copolymers [55]. Its existence has 
repeatedly been demonstrated [56-58]. The formation of the mixed phase is influenced by the 
block length, the block’ s incompatibility and by the composition. The mixed phase is a 
transition phase, from amorphous SS to crystalline or paracrystalline HS. Its structure is a 
mixture of amorphous and crystalline phases [59]. 
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For temperatures higher than 170° C two endotherms are observed and are related to 
HS. One endotherm is in the range of 180 - 220° C, and the other between 240° C and 250° C 
(see Fig. 3.3.1c and Table 3.3.1 (Appendix)). The positions of the peaks in the first range 
increase with increasing the HS content. Moreover, the positions of the peaks in the second 
range stay almost constant. It is known that at temperatures higher than 250° C the materials 
will be destroyed. Under this consideration the second HS endotherm may show the melting 
of the rest of the well-defined HS crystallites together with the destruction of the materials. It 
has already been shown [49] that for MDI/BD based HS in TPU systems, paracrystalline 
(lower order degree of the crystallites than by pure crystalline structures) and pure crystalline 
areas can be formed. In this case the first endotherm can be attributed to the paracrystalline 
HS and the second one to the crystalline HS. The change in the position of the peak maxima 
in each of the two ranges supports this interpretation. No paracrystalline endotherm was 
observed for the samples 3, 4, and 7 (23% HS, 36%HS and 1250 g/mol SS polyol, and 23% 
HS and 2000 g/mol SS polyol). Moreover, samples 3, 7, 10, 11, 12, and 13 (23% HS and 
1250 g/mol 54% HS, and 2000 g/mol SS polyol, and 23%, 36%, and 45% HS and 3000 g/mol 
SS polyol) do not present a pure crystalline HS endotherm. 
 
 
3.3.2 Rebound Resilience Measurements 
Rebound resilience is a parameter important to industrial TPU testing. In addition to 
temperature resistance and compression set, the rebound resilience is a major parameter to 
characterize effective, long term sealing characteristics. The ability to rebound quickly is a 
major advantage in those sealing applications where severe shock loads and momentary 
pressure spikes are likely to occur. The rebound resilience (see Eq. (3.2.1)) is required to be of 
the order of 10 to 20% for shock absorbing materials and a value above 40% for applications 
that demand quick recovery. For a given material its value is not a fixed quantity but varies 
with temperature, strain distribution, strain rate, strain energy and strain history. Each of the 
factors has a different quantitative influence on the resilience. While temperature may 
critically affect resilience near transition regions of the tested material, factors connected with 
time and amplitude of indentation have moderate effects and are allowed to vary widely. 
The rebound resilience data of the investigated TPUs are given in Table 3.3.2 
(Appendix), and are the average over 5 measurements done on each material. As seen in Fig. 
3.3.2a for the series in which nM  of SS is maintained constant and HS content is increased, 
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the rebound resilience decreases [61]. In TPUs, HS play the role of the filler for SS, the 
interaction of the filler surface to the elastic chains leading to the decrease of the value of 
rebound resilience. More HS mean more paracrystalline and crystalline regions (SS, mixed 
phase, and HS) and leads to a decrease in the rebound resilience. This statement is supported 
also by the DSC measurements where gT  increases also with increasing content of HS (see 
section 3.3.1). 
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Fig. 3.3.2: Rebound resilience angle ratio for the TPU samples in Table 3.2.1 as a function of 
the content of the hard segments for the same number average molecular weight nM  of the 
soft segments (a) and as a function of nM  of the soft segments polyol for the same content of 
hard segments (b). 
 
The values of rebound resilience for the samples 1 and 2 (see Table 3.3.2 (Appendix)) 
seem to contradict the above consideration. But the rebound resilience tests were measured at 
23° C, a temperature close to gT , where the damping of the sample increases greatly as the gT  
is approached. The glass transition temperature is determined by the damping maximum in a 
dynamic mechanical analysis (DMA). It depends on the frequency of mechanical oscillations. 
Rebound resilience tests is a fairly high frequency, which means that the temperature scale is 
shifted to lower temperatures and the materials appear to be closer to the gT . The extremely 
high damping of sample 1 means that the material is tested near gT , while the sample 2 is 
already beyond gT  on the decreasing part of tan δ. For this reason the damping is lower. 
Figure 3.3.2b shows the influence of a variation of nM  of SS under a constant content 
of HS. The rebound resilience depends on the amount of HS in the material. At a constant 
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23% HS, the increase of nM  of SS leads to a decrease of the angle of rebound. The 
crystallinity of SS increases with increasing the number average molecular weight, and 
although the HS content is constant, the amount of crystalline regions increases from 550 
g/mol of SS to the 3000 g/mol of SS. The same behaviour is observed also in the case of 36% 
HS, although the differences are not as significant. For higher contents of HS (45% and 54%) 
the angle of rebound increases with the SS number average molecular weight. This opposite 
behavior is due to the fact that an increase of HS leads to longer chains of HS and to poor 
phase separation. Under these conditions SS cannot properly crystallize, the amount of hard 
domains decreases, and the angle of rebound increases. 
 
 
3.3.3 Hardness Measurements 
The importance of the hardness testing comes from the relationship between hardness and 
other properties of the material. Both the hardness test and the tensile test measure the 
resistance of materials to deformation. The hardness test is preferred because it is simple, easy 
and relatively non-destructive. 
The hardness values for the investigated samples are given in Table 3.3.3 (Appendix). 
Samples 1, 2, 3 and 7 (45% HS and 54% HS and 550 g/mol polyol, and 23% HS and 1250 
g/mol and 2000 g/mol, polyol) have not been tested due to the fact that the standard injection 
moulded plates necessary to determine the hardness could not be obtained. The reason was the 
too high viscosity of the samples 1 and 2 and the too low one in the case of samples 3 and 7. 
The results are the average of 5 measurements made on the same material. The precision of 
the method is 2±  Shore A. Under these circumstances it is to be remarked that the 
differences among the samples, detected via hardness tests are very small. 
The variation of hardness with the content of HS can be followed in Fig. 3.3.3. With 
increasing the content of HS, the hardness of TPUs also increases. This behaviour is expected 
because HS in a SS matrix behave like fillers in polymers, i.e., the more filler content the 
higher the hardness of the elastomers [62]. Considering the samples having the same content 
of HS but different nM  of the polyol used as SS (see Fig. 3.3.3), the hardness increases with 
the number average molecular weight of SS. By increasing nM of SS, their length increases 
and they can better crystallize. The rigid domain increases also and as a consequence the 
values of hardness. Sample 11 (23% HS and 3000 g/mol SS), as seen also in Fig. 3.3.1b has a 
high amount of crystalline SS which increase the rigidity of this materials. As a consequence 
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the value of hardness is higher compared to the samples having the same SS as polyol but 
36%HS (Sample12). 
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Fig. 3.3.3: Variation of hardness of TPU samples with increasing content of hard segments, at 
a constant number average molecular weight of the soft segments. 
 
 
3.3.4 Tensile Test Measurements 
The superior mechanical properties of polyurethane are the result of the microphase 
separation of the hard and soft domains. The hard segments act as reinforcing filler in the soft 
segments matrix. The relationship between the tensile properties of elastomers and their 
morphology were intensely studied by Smith [63]. In general, the behaviour of a strained 
system depends on the size and the concentration of the hard segments, the ability of the 
segments to orient in the direction of stretch, and the ability of the soft segments to crystallize 
under strain [34].  
The stress-strain curves of the samples in Table 3.2.1 (Appendix) are shown in Fig. 3.3.4. 
Characteristic values derived from the stress-strain curves of all 14 samples are given in Table 
3.3.4 (Appendix). These values are the averaged over the results coming from 3 tensile test 
made on each sample. Samples 1, 2, 3 and 7 (45% HS and 54% HS and 550 g/mol polyol, and 
23% HS and 1250 g/mol and 2000 g/mol, polyol) are not discussed for the reason explained 
in section 3.3.3. According to Figs. 3.3.4 (a, b and c) there are three regions to be discussed: 
first, the behaviour at low deformations, second flat region, and third the strain-hardening 
region, at strains above 300%. 
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As seen in Figs. 3.3.4 (a, band c) the tensile properties increase with increasing content 
of HS, at the same nM  of SS. Similar results are already reported in the literature [64, 52]. 
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Fig. 3.3.4: Stress-strain curves of the samples with 1250 g/mol (a), 2000 g/mol (b), and 3000 
g/mol (c) number average molecular weight of the soft segments in Table 3.2.1 (Appendix). 
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The behaviour at low deformation (fewer than 5% strain) can be explained as the pure elastic 
deformation characteristic for regular elastomers [65].  
Considering the sets of samples with the same nM  of SS, it is observed that with 
increasing the HS content, Young’ s modulus - given by the initial slope of the curves [66] 
also increases (see Table 3.3.4 (Appendix)). According to Wegner [67] a linear variation of 
the logarithm of Young’ s modulus (E) with the content of HS is expected (see Fig. 3.3.5). The 
increase of the crystallinity of the HS with increasing their content is a major factor which 
influences the Young’ s modulus. 
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Fig. 3.3.5: Variation of the natural logarithm of Young’ s modulus as a function of the content 
of HS (Table 3.3.4 (Appendix)). 
 
The flat region (where the increasing stress-strain rate is relatively low) exhibits the 
same behaviour for all studied TPUs: the higher the HS content the higher the stress values 
when increasing the strain. It has already been proven that changes in the nature of the 
continuous phase of the material, from predominantly soft to hard, with increasing content of 
HS, contribute to the improvement of the tensile strength [64]. 
The dependence of the permanent deformation stress and strain on the content of HS is 
shown in Figs. 3.3.6 (a and b). The yield point is rather difficult to define. It corresponds to 
the point at which permanent plastic deformation takes place [66], the point at which Hooke’ s 
law is no more valid [68]. The yielding process is a material depending process, related 
directly to the molecular mobility [68], and the accompanying stress depends on the 
crystallinity, and the lamellar thickness of the rigid phase [69]. If no crystalline SS and mixed 
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phase are present, the stress depends only on the content of HS and on their degree of the 
orientation. The increase in the content of HS leads then to an increase in the yield stress and 
to a decrease in the strain at which the yield point occurs. This behaviour is consistent with 
that shown in Figs. 3.3.6a and 3.3.6b. 
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Fig. 3.3.6: Dependence of the yield stress (a) and the yield strain (b) as a function of the 
content of HS (Table 3.3.4 (Appendix)). 
 
Above 300% strain an upswing in some of the curves in Fig. 3.3.4 is observed. It is 
due to the strain-induced crystallisation of the chains of SS. For the series with 1250 g/mol 
nM  this effect is not observed. These chains are too short to crystallize even under applied 
strain. In the series with 2000 g/mol nM  polyol as SS, the stress-strain curves cross for the 
TPU samples with 36% and 45% content in HS (see Fig. 3.3.4b). According to the DSC 
measurements (see section 3.3.1) the 36% HS sample has a lower gT  compared to the 45% 
HS sample. It implies a purer SS phase, which can better crystallize under strain and which 
leads to a sudden increase in the tensile strength. On the other side, the DSC scans showed a 
higher melting heat necessary to melt the crystalline SS in the 45% HS samples than in the 
36% HS sample. This result is a proof that the sample with 45% HS contains more crystalline 
SS than the 36% HS sample. The melting range of crystalline SS is in both cases around 
65°C, so the degree of crystallinity should be the same. This explains the much higher stress 
necessary to deform the 45% HS sample up to 300% strain, compared to the sample with 36% 
HS. By further increasing the deformation, the already existent SS crystals in the 45% HS 
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sample enable the crystallization of the SS and lead to a decrease in the rate of stress growing 
with the strain.  
Sample 11 (23% HS and 3000 g/mol nM ) shows a behaviour of the entire stress-
strain curve different from all other samples. As explained in section 3.3.1, sample 11 has 
well built crystalline SS at room temperature. At low deformations, together with the HS they 
oppose resistance to deformation, effect manifested in the high values of the stress at low 
strain. By continuously increasing the stress, the crystalline SS are destroyed and the cross-
sectional area starts to decrease more rapidly at one particular point along the gauge length as 
a ‘neck’  starts to form. The nominal stress starts to fall and settles at a constant value as the 
neck extends along the specimen. When the whole specimen is necked, strain hardening 
occurs and the stress rises until fracture intervenes [66]. 
Sample 14 (54% HS and 3000 g/mol nM ) is in a co-continuous phase, where the 
amount of HS is high and parts of SS are already crystallized. This explains the high stress 
under low deformation. By further increase of the strain, the soft segments are the ones 
responsible for the behaviour of the material; they orient themselves with respect to each 
other, and the result is a slowly increasing stress at a strain starting with 20% and up to nearly 
300%. In the case of the co-continuous phase, the components are not disperse anymore but 
separated, well definite neighbour structures. Under these circumstances the soft phase 
pressures the hard segments and induces cracks inside them. Thus the material breaks at lower 
strain. 
As seen in Table 3.3.4 (Appendix), the stress at break increases with increasing 
content of HS, and the elongation at failure has a descending trend. The inhomogeneities in 
the materials, the degree of the phase separation, and the ability of the SS to crystallize under 
strain are reasons for the small variations from these tendencies. The Young’ s modulus and 
the yield point are strongly influenced by the molecular mobility of the samples and the 
crystallinity of the rigid phase. The large values of the yield stress and Young’ s modulus and 
lower values of yield strain can be correlated with the increased content of HS (at constant SS 
nM ) or block-length (at constant HS content) [34]. 
 
3.3.5 NMR Measurements 
The reason why the H1 NMR relaxation experiments were done at the two specified 
temperatures (see section 3.2) is that according to DSC measurements (section 3.3.1) i) at 
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both 40° C and 150° C there is no thermal transition, ii) the 40° C temperature is the 
minimum constant controlled temperature at which NMR measurements can be performed, 
iii) the 150° C temperature is high enough so that the entire crystalline soft and mixed phases 
melt but low enough for the HS not to melt, iv) the 150° C temperature is high enough so that 
the chain mobility of the HS is elevated and good contrast among the samples is obtained.  
The measurements of the proton longitudinal relaxation of the magnetization (‘ 1T ’ -
measurements) were carried out in order to determine the time the TPU materials need to the 
return to the thermodynamical equilibrium. The 1T  relaxation time is an important NMR 
parameter which once measured helps both to improve the quality of the measurements and to 
establish the minimum duration of an NMR experiment at optimum conditions. The equation 
(3.2.2) was fitted to the experimental longitudinal relaxation decays, and the 1T  times were 
determined for the soft components. The longest longitudinal relaxation time is 87 ms (sample 
14: 3000 g/mol SS and 54% HS), which means that a recycle delay of 0.45 s (recycle delay = 
15 T⋅ ) is best to investigate these TPU materials at 40° C. The chosen 1 s recycle delay was 
justified by the measurements done at 150° C where the molecular mobility is higher and so 
more time is needed for the entire spin system recovery. Measurements at these two 
temperatures will be discussed, and the results obtained with the same measurements 
parameter will be compared. 
The analysis of the longitudinal magnetization recovery showed that up to the moment 
when the NMR signal was registered (0.7 ms), the information from the rigid phase is almost 
lost (for samples with 23% HS and 36% HS at all nM ). The reason why the 1T  measurements 
were recorded so late on the NMR scale is that they have been only done in order to 
determine the recycle delay of the transverse magnetization relaxation experiments, known 
from the literature to be more sensitive to the mobility and the phase composition of 
materials. As an example Fig. 3.3.7 shows the longitudinal recovery of the magnetization for 
samples with 3000 g/mol nM  of SS and different amounts of HS and Fig. 3.3.7b for samples 
with 54% HS and different nM  of SS. The difference in the experimental curves as seen in 
the figures mentioned above are smaller compared to the “ 2T ” measurements (see Figs.3.3.8 
and 3.3.10) meaning that 21 TT ∆<∆ . Moreover a fast quality control method for TPU 
materials is desired and the 1T  measurements require too much time. 
As already shown in section 3.3.1 all TPU samples have a crystalline SS phase and a 
mixed one, which are completely melted above 140° C. When the experimental transverse 
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relaxation decays of the magnetization of the crystalline and amorphous parts measured at 40° 
C are fitted to Eq. (3.2.3), the signals of the crystalline SS and mixed phases cannot be 
assigned. The rigid fraction defined in Eq. (3.2.3) refers to the crystalline and paracrystalline 
hard and soft segments and partially to the mixed phase. The soft part or mobile fraction 
refers to the amorphous soft segments and mixed phase i.e., an amorphous phase of mixed 
hard and soft segments. The NMR relaxation decays registered at 150° C can give additional 
information: the pure amount of hard phase and its molecular mobility. These two NMR-
determined parameters are certainly influenced by the measurement temperature and by the 
newly-formed interface. 
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Fig. 3.3.7: Variation of the experimental H1  longitudinal relaxation decay for the samples 11, 
12, 13, and 14 (Table 3.2.1 (Appendix)), with as soft segments the polyol with 3000 g/mol 
number average molecular weight nM  and 23%, 36%, 45%, and 54% hard segments (a) and 
for the samples 1, 5, 9, 13 with 45% HS and 550 g/mol, 1250 g/mol, 2000 g/mol and 3000 
g/mol nM  of soft segments (b). 
 
The influence of the variation of the composition of the TPU materials on the NMR 
parameters characterizing the soft segments at 40° C will be discussed first. Then the 
amplitude of the rigid phase and its mobility at 40° C will be analysed from both NMR 
relaxation decays and the DQ build-up curves. Finally the amount and the crystallinity of HS 
at 150° C will be characterized. 
 
Effective H1  transverse relaxation rates of the soft segments at 40° C. 
The effective H1  transverse magnetization relaxation rates of soft segments of the TPU 
materials in Table 3.2.1 (Appendix) were measured with Hahn echo decays. The experimental 
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data were fitted to Eq. (3.2.3) from which the amplitudes SA  and the effective relaxation rates 
ST2/1  were evaluated. Due to their high molecular mobility, the exponential approach of the 
experimental data fit into the BWR Theory, described in section 2.6. 
The effect of a variation of the content of HS for the same nM  of SS on the transverse 
relaxation of the magnetization is discussed below. Figure 3.3.8 shows the variation of the 
transverse relaxation for a set of samples with 2000 g/mol polyol SS and different quantities 
of hard segments (23%, 36%, 45%, and 54%) and Figs 3.3.9a and 3.3.9b show the NMR 
parameters LA  and LT2/1  for all studied TPU samples. 
 
 
 
Fig. 3.3.8: Variation of the experimental H1  transverse relaxation decay for he samples 7, 8, 
9, and 10 (Table 3.2.1 (Appendix)), with as soft segments the 2000 g/mol number average 
molecular weight polyol and 23%, 36%, 45%, and 54% hard segments. The inset shows the 
initial behaviour of the FIDs. 
 
Figure 3.3.8 reveals that the transverse relaxation of the magnetization is faster when 
the content of HS is increased. Fitted to Eq. (3.2.3) it means that more hard segments lead to 
the decrease in the amplitude of the SS as seen by NMR (cf. Fig. 3.3.9a) and to less mobility 
of the soft chains (cf. Fig. 3.3.9b). The reason for this behaviour is that more hard segments 
mean also longer, better structured hard segments. With increasing amount of the hydrogen 
bonds needed to interconnect longer hard chains, the structure of this phase becomes more 
stable and its mobility decreases. At the same time the hydrogen bonds restrict the motion of 
the SS, and the structure of TPUs changes from dominant soft to dominant hard. Moreover, 
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parts of the soft segments contribute to the mixed phase, with a broad range of relaxation 
times. The data in Fig. 3.3.9b show that the sample 14 (54% HS and 3000 g/mol SS) presents 
a more mobile SS than the samples having the same SS but lower content of HS. This was 
expected because the increase of the amount of HS reduces the crystallisation of the SS. The 
DSC measurements show that though the position of the melting peak of the crystalline SS 
within this sample is high compared to the other sample with the same SS but lower content 
in HS, the amount was severely reduced. As seen in Fig. 3.3.9a the 550 g/mol SS samples 
behave differently. This behaviour is due to the fact that the SS chains are so short and the 
phase separation is so poor that NMR sees both samples as a one-phase material. The amount 
attributed to the HS is below 5%, the error limit of the fitting procedure. 
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Fig. 3.3.9: Relative fractions of the soft component LA  of TPU materials (a) and their 
effective relaxation rates LT2/1  (b) as measured by NMR experiments as a function of the 
content of HS at the same number average molecular weight of the soft segments. 
 
The effect of increasing the number average molecular weight of SS at constant 
content of HS is shown in Figs. 3.3.10 and 3.3.11. Figure 3.3.10 shows the H1  transverse 
magnetization decays for the samples with 45% hard segments and different nM  polyols: 550 
g/mol, 1250 g/mol, 2000 g/mol, and 3000 g/mol (samples 1, 5, 9, and 13). The transverse 
magnetization relaxates faster for the shorter SS chains. This is accordance with phase 
separation, which is poor for low number average molecular weight TPU materials and 
increases as the nM  increases. The samples with 2000 g/mol and 3000 g/mol have almost 
identical relaxation decays. It was expected that the decay of the magnetization for the 3000 
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g/mol sample should be much slower than the one of the 2000 g/mol sample. The behaviour is 
a result of a better crystallization of the SS in the sample with longer chain length that leads to 
a restriction of the entire SS mobility. The NMR assumption is supported by the DSC tests. 
The measured melting heat necessary to melt the same amount of the SS crystals is higher for 
the 3000 g/mol polyol as for the 2000 g/mol polyol samples having the same amount of HS. 
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Fig. 3.3.10: Proton transverse relaxation decay for samples 1, 5, 9, and 13 with 45% hard 
segments and 550 g/mol, 1250 g/mol, 2000 g/mol, and 3000 g/mol number average molecular 
weight of the soft segments polyol. The inset shows the initial behaviour of the FIDs. 
 
The correlation between the NMR determined amount of HS and the calculated one is 
shown as a function of the nM  of soft segments in Fig. 3.3.11a. Straight lines for the samples 
having the same theoretical content of hard segments connect the data points. The contents in 
hard segments as determined by NMR are lower than the ones calculated from the chemical 
composition. This difference is caused by: i) the formation of the mixed fraction which 
consumes part of the soft segments, ii) the crystallisation of the soft segments, iii) the errors 
introduced by the fitting procedure, iv) errors introduced by chemical calculations, v) 
preparation. The imperfect phase separation and the crystallization of the soft segments are 
the main reasons which lead to these results. The relative fractions of the determined 
components remain constant except the samples having 23% HS, and 1250 g/mol, 2000 
g/mol, and 3000 g/mol nM  (samples 3, 7, and 11). The amplitudes are lower than the 
calculated ones, except for sample 6 (1250 g/mol polyol and 54% HS). Its phase separation is 
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poor, the mixed phase increases, and thus the content of crystalline domains is higher than 
calculated. The TPU materials with 23% theoretical HS have a much lower value according to 
NMR, but continuously increase with increasing nM  of SS. It was proved by DSC that the 
samples 3 and 7 (23% HS and 1250 g/mol and 2000 g/mol nM  of soft segments) have no 
pure HS. The information claimed to belong to the hard phase actually comes from the mixed 
phase and the crystalline SS phase. With increasing SS nM  the phase separation and the SS 
crystallization increase and thus the rigid domain NMR signal increases. The behaviour of 
samples 1 and 2 has already been explained (see above). The chain mobility of the soft 
segments increases when increasing nM  of the soft segments (Fig. 3.3.11b). The sample 11 
(23% HS and 3000 g/mol nM ) behaves differently, for the reason explained above. 
 
500 1000 1500 2000 2500 3000
10
20
30
40
50
60
70
80
90
100
a)
nM
 
 
A  
S 
/ (A
 
S+
A 
L) 
*
10
0 
[%
]
       [g/mol]
  HS [%]
 23
 36
 45
 54
500 1000 1500 2000 2500 3000
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0b)
nM
 
1/
 
T 2
L 
[m
s-
1 ]
       [g/mol]
  HS [%]
 23
 36
 45
 54
 
 
 
Fig 3.3.11: Correlation of the relative fractions of the hard components SA  as seen by NMR 
and those determined from calculations, as a function of the number average molecular 
weights (a). Variation of the effective relaxation rates of SS when varying the number average 
molecular weight of the SS polyol at the same amount of HS (b). 
 
Effective H1  transverse relaxation rates of the hard segments measured at 40° C 
The effective H1 transverse relaxation rates of the hard segments for the TPU series were 
measured using the free induction decay edited by the solid echo. The equation (3.2.3) was 
fitted to the experimental data and the effective relaxation rates ST2/1  were evaluated. A 
Gaussian time dependence of the decaying NMR signals is assumed for the transverse 
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relaxation of the magnetization of HS. Even if the fits based on this assumption are good this 
is not fully justified for the hard segments of the TPU samples. The presence of segmental 
motion of the hard segments makes the Gaussian assumption only partially valid. Moreover, 
the ST2/1  quantities contain contributions from crystalline SS and from the mixed phase, both 
having larger segmental mobilities than the pure hard phase. This explains why the values of 
the effective relaxation rates of HS measured at 40° C are too close to these of the SS 
measured at the same temperature and too low compared to the ones of HS measured at 150° 
C (see Table 3.3.5 (Appendix)). For sample 3 (23% HS and 1250 g/mol nM ) in Table 3.3.5 
(Appendix) no HS was detected with the NMR method. Furthermore, by raising the 
measurement temperature up to 150° C, sample 3 turns liquid. DSC measurement supports the 
NMR tests. Thus the crystalline SS and mixed phase seen by DSC seem to give a contribution 
only in the soft phase whose effective relaxation rates are increased. 
The quantity ST2/1  is directly related to the residual second van Vleck moment 2M . 
For a Gaussian line shape the relation is [45] 
2/1
2
2 2
1








=
M
T S
          (3.3.1) 
The quantities ST2/1  and 2M  are measured in separate experiments and therefore the 
validity of the Gaussian approximation can be verified (see below). 
The dependence of the effective relaxation rates ST2/1  on the content of hard 
segments for different values of nM  of the soft segments in the TPU samples are shown in 
Fig. 3.3.12. The values ST2/1  of the effective relaxation rates of HS as seen by NMR increase 
almost linearly with the content of hard segments. This can be explained by the increase of the 
H1 residual dipolar coupling strengths due to the reduction of the segmental mobility and the 
increase in the degrees of ordering and packing of the segments in the hard phase. Figure 
3.3.12 shows also that the residual dipolar couplings of HS become smaller, i.e., the 
relaxation rates ST2/1  decrease when nM  of the soft segments increase. The segmental 
mobility of the hard segments reflected in the values of ST2/1  is affected by the chain 
mobility of the soft segments (see also below). 
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Fig. 3.3.12: The values of the H1  effective transverse magnetization relaxation rates ST2/1  of 
the hard segments in TPU samples with the compositions shown in Table 3.2.1 (Appendix) as 
a function of the content of the hard segments for different number average molecular weights 
of the soft segments. 
 
Segmental order of hard segments in TPU samples from H1  DQ NMR experiments 
Normalized H1  DQ build-up curves for two TPU samples with different content of the hard 
segments and same molecular mass of soft segments are shown in Fig. 3.3.13. The maxima 
are the result of the influence of the amplitude of the edited DQ coherences on the transverse 
relaxation of the single-quantum coherences during the excitation and reconversion periods of 
the pulse sequence of Fig. 2.5.2 [70]. This pulse sequence excites also higher, even-order 
multiple-quantum coherences. However, in the initial excitation/reconversion regime the 
signal amplitude of these coherences are dominated by the DQ coherences. This regime is 
exploited for the measurements of the H1  residual dipolar couplings encoded in the residual 
second van Vleck moments [45]. (Details regarding the van Vleck moments are given in 
chapter 2, and in A. Abragam, Principles of Nuclear Magnetism, Oxford University Press, 
1982). It is obvious from Fig. 3.3.13 that only one maximum is detected. This shows that the 
residual dipolar couplings of the hard segments are larger than those of the mixed phase and 
soft segments. For TPU samples with a mixed phase, DQ build-up curves will edit in the 
intermediate and long time regimes not only the hard phase but also the polymer chains from 
the mixed phase. A DQ build-up curve with one maximum is detected if a quasi-continuous 
distribution of residual dipolar couplings is present. 
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Fig. 3.3.13: Proton normalized double-quantum filtered signals for the TPU samples with the 
content of hard segments of 23% (squares) and 36% (circles) and the number average 
molecular weight of soft segments of 2000 g/mol as a function of the excitation/reconversion 
time τ  (Fig. 2.5.2). 
 
The initial rise in the DQ signals (see inset of Fig. 3.3.13) can be described in a good 
approximation by a polynomial function in 2τ  derived from first principles in Ref. [45], i.e., 
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where ( )τ2DQS  is the normalized DQ signal. The effective transverse relaxation time of the 
hard segments is denoted by ST2 . It has to be noted that the residual higher-order DQ 
moments DQnM 2 , (n > 1) in Eq. (3.3.2) are different from the classical van single-quantum 
Vleck moments nM 2 , (n > 1) [45].  
The fits of the DQ built-up curves with Eq. (3.3.2) are shown in the inset of Fig. 
3.3.13. In order to improve the accuracy of 2M  the ST2  values are taken from the 
measurements of the transverse relaxation of magnetization (Table 3.3.5 (Appendix)). 
The values of the residual van Vleck moments for the hard segments in TPU samples 
are correlated not only to the local and cooperative segmental motions of this phase but also 
to the hindrances imposed by the soft segments. The dependence of 2M  on the content of 
hard segments for TPU samples with three nM  as soft segments (SS) are shown in Fig. 
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3.3.14. An increase in the values of 2M  with the content of HS is evident for a given nM  
of SS. This behaviour reflects a higher degree of segmental order of the hard segments with 
increasing the domain size. The effect of nM  of the soft segments is also evident from the 
data in Fig. 3.3.14. In the case of lower values of 2M  the changes in the segmental order are 
only slightly affected by the increasing content in HS (see Fig. 3.3.14). This is not longer 
valid for the case of the TPU samples with the higher values of the residual second van Vleck 
moments. 
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Fig. 3.3.14: Hard segment orientation measured by residual second van Vleck moments 2M  
as a function of the content in HS for different number average molecular weights of SS 
(Table 3.2.1 (Appendix)). 
 
The interdependence of the values of the H1  residual dipolar couplings measured by 
2M  and the values of ( )22/1 ST  is presented in Fig. 3.3.15. From Eq. (3.3.1) the slope of 
2M  versus ( )22/1 ST  is equal to the theoretical value of two. Nevertheless, for the 
concentrations of 36% in HS where a quasi-linear dependence is measured the slope is close 
to unity. The same behaviour is also valid for the other samples. Therefore, the Gaussian 
approximation is a poor approximation for the investigated TPU samples. This approximation 
affects mainly the effective values of ST2/1  and it is not involved in the derivation of Eq. 
(3.3.2) for small values of the excitation/reconversion times, i.e., for ST2<<τ . Nevertheless, 
the values of 2M  and ST2/1  measured using Eqs. (3.3.2) and (3.3.3) show the correct trend  
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for the changes in the concentration of hard segments and number average molecular weight 
of soft segments. 
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Fig. 3.3.15: Proton residual second van Vleck moments 2M  as a function of ( )22/1 ST  for 
the TPU series (Table 3.2.1 (Appendix)). The straight line is a fit of the data for 36% HS. 
 
Effect of the number average molecular weight of soft segments on 2M  of the hard 
segments 
From Figs. 3.3.12 and 3.3.14, it is evident that the values of ST2/1 and 2M  decrease when 
nM  of the soft segments increases. To explain this effect qualitatively, a theoretical approach 
is given, based on the Rouse model of chain dynamics [62]. The theory shows that the soft 
segments produce a hindrance of the molecular dynamics in the hard segments that depends 
on the number average molecular weight of the soft segments nM . 
The instantaneous elongation ( )ts mn  of the Rouse modes m of a segment n is given by 
[37] 
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where mτ  is the relaxation time of the Rouse mode m  and ms

 is the thm  Rouse mode 
amplitude of oscillation. This mode involves relaxation on the scale of the chain sections with 
m
N
 monomers [47]. The quantity mτ  can be related to the number N  of the monomers by 
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where 0τ  is the Kuhn monomer relaxation time [71]. Therefore, from the above equation we 
get ( )2nm M∝τ . 
 The instantaneous force at the end of the sections with N/m monomers can be 
evaluated from the relationship: ( ) ( )2
2
dt
tsdM
tF
m
nn
m


∝ . The total force exerted by the soft 
segments on hard segments is given by ( )
tm
mt
tFF ∝

, where ( )
t
...  designates the time 
average. From the above equations we finally get ( ) 1−∝ nt MF , i.e., the soft segments act on 
the hard segments with an average force inversely proportional to nM . 
The relationship between the average chain force and the values of 2M  and ST2/1  
of HS is beyond the scope of this work. Nevertheless, from the above arguments it can be 
concluded that the values of 2M  and ST2/1  will decrease as long as the number average 
molecular weight of the soft segments increases. The soft segments with larger number 
average molecular weight will induce a less segmental order of the hard segments. 
 
Effective H1 transverse relaxation rates of the hard segments measured at 150° C  
At 150° C the crystalline soft and mixed phases are already melted so the information given 
by the Gaussian deconvolution represents the pure HS domain. Figure 3.3.16a shows the 
amplitude of the relative fraction of hard segments of the studied TPUs as determined by 
NMR at 150° C and the calculated content of hard segments. With increasing calculated 
content of HS, the NMR determined HS content is also increasing. But NMR determined HS 
are lower than the calculated ones. Some of the reasons for this behaviour are i) the phase 
separation reflected through the formation of the mixed fraction which consumes part of the 
hard segments, ii) the errors introduced by fitting the transverse magnetisation decay in order 
to deconvolute it into the component phases, iii) errors introduced by chemical calculations, 
iv) preparation and v) inhomogeneities of the plates where the samples were taken from. We 
can notice that for the samples 3 and 7 (23% HS, 1250 and 2000 g/mol nM ) no HS are 
detected. Sample 4 (36% HS and 1250 g/mol nM ) as seen by NMR, has only 2% HS. For all 
three samples mentioned above, the DSC measurements detect no HS. The presence of the 2 
% HS in sample 4 can be justified by the reasons (i-vi) already mentioned above. The NMR 
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detected HS of the samples 1 and 2 (45% HS and 54% HS and 550 g/mol nM ) decreases 
with increasing calculated amount of HS. This unexpected behaviour is due to the poor phase 
separation, reflected in the glass transition temperature gT , which increases from +7°C to 
+10°C with increasing HS content. According to the DSC measurements, sample 11 (23% HS 
and 3000 g/mol nM ) has a highly structured mixed phase, compared to all other studied 
TPUs. This means that a large part of HS is consumed in this phase and only a small part 
remains to form pure HS. 
The variation of the effective relaxation rates of HS is shown in Fig. 3.3.16b. The 
chain mobility decreases with increasing content of HS and nM  of SS. This behaviour as 
well as the values of the relaxation rates of HS at 150° C compared to those at 40° C (see 
Table 3.3.5 (Appendix)) proves once again that at 40° C the molecular mobility of HS, as 
seen by NMR, is strongly affected by the soft and mixed crystalline phases and by the 
molecular mobility of the SS [34].  
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Fig. 3.3.16: Variation of the amount of HS (a) and their effective relaxation rates (b) as seen 
from NMR measurements at 150° C when varying the theoretical content of HS. 
 
 
3.4 Microscopic-Macroscopic Properties Correlations 
 
Transverse relaxation experiments serve to determine the mobility and the phase composition 
of elastomers [59, 72, 73]. Together with other methods like DSC, WAXD (Wide-Angle X-
Ray Diffraction), rebound resilience, hardness and tensile tests, NMR contributes to a 
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complementary material characterization. The qualitative correlation between the crystallinity 
determined by NMR (in terms of the amount of rigid phase and its chain mobility) and other 
methods is good [73] but different measurements done on the same materials often do not lead 
to the same quantitative results [74]. The reason is that each method uses different 
discriminating parameters to separate the crystalline phase from the amorphous one: NMR – 
the transverse relaxation of the magnetization, DSC – the enthalpy of melting, and WAXD – 
the long-range periodicity.  
Figure 3.4.1 shows the correlation between the theoretical and the NMR determined 
amounts of HS. On the y -axis, the ratio between the NMR and the theoretical amount of HS 
should be 1 for all TPU materials. For the samples having 36%, 45% and 54% HS and 1250 
g/mol, 2000 g/mol and 3000 g/mol SS the amount of HS can be determined by NMR with an 
accuracy of ±20%. The scatter around the value 1 is due to the phase separation within the 
samples. An increase of the amount of HS leads to a poor phase separation, and to a higher 
quantity of rigid mixed phase. At 36% theoretical HS the ratio is below 1, at 45% HS this 
ratio equals unity and for 54% HS it goes up to 1.15. It is to be noticed that independent of the 
number average of molecular weight of the soft segments, at the same amount of HS, the ratio 
NMR/theory is, as expected, almost constant. For this result two processes are responsible: 
with increasing chain length of the soft segments the phase separation improves. At the same 
time SS start to crystallize, which compensates the NMR signal from the rigid phase. The 
samples with 23% HS behave differently. As already proved in section 3.3, samples 2 and 7 
do not have HS. Their entire amount of HS is consumed in the formation of the mixed phase. 
Under these circumstances, they cannot be considered typical TPU materials and they will not 
be discussed hereafter. Sample 11 (23% HS and 3000 g/mol SS) has a HS ratio near 1. 
Samples 1 and 2 (45% and 54% HS and 550 g/mol SS) due to their short chains are not well 
phase separated, due to similar chain mobility of the two phases. NMR sees them as one 
phase material – hence the high values of the ratio. 
A correlation of the glass transition temperatures of the soft segments determined by 
DSC and NMR with the effective transverse relaxation rates of the soft phase can be expected 
as both methods probe the molecular dynamics. The increase of HS reduces the mobility and 
increases the glass transition temperature of the amorphous phase, and the increase of SS 
chain length for the same content of HS leads to an increase in the mobility and a decrease in 
the glass transition temperature of SS, if no crystallisation of SS occurs. Both measurements 
are affected by the crystallization of SS and by the degree of phase separation. A better phase 
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separation and less crystalline SS lead to more amorphous soft phases, which lower the glass 
transition temperature and raise the effective transverse relaxation rates. 
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Fig. 3.4.1: Correlation between theoretical and NMR determined HS. The ratio on the y -axis 
should be 1. 
 
As shown in Fig. 3.4.2a, for the samples with 1250 g/mol and 2000 g/mol SS, the 
correlation between the glass transition temperature of SS as determined by DSC and the 
effective transverse relaxation rates as determined by NMR is good (see the fit line). This is 
not so for the TPU samples with 23% HS (see the triangle and circle – the highest 
LT2
1
 values 
- which are not included in the fit in Fig. 3.4.2a). The same samples were measured also at 
150° C where rigid components are absent (see also Table 3.3.5 (Appendix)). NMR tests are 
supported also by the DSC measurements, as already discussed in section 3.1. Therefore, 
these samples cannot be considered typical TPU due to the lack of hard segments which 
usually melt above 170°C. With increasing the content of the HS, the 3000 g/mol polyol 
samples (the stars in Fig. 3.4.2a) present also a decrease in the mobility of the SS as seen by 
NMR and an increase in the glass transition temperature as seen by DSC (see sample 11, 12, 
and 13, 23% HS, 36% HS and 45% HS respectively). For sample 14 (54% HS and 3000 
g/mol nM  polyol) the mobility of SS as seen by NMR increases. The behaviour is the result 
of a better phase separation, assumption supported also by the value of the glass transition 
temperature seen by DSC, which decreases compared to the glass transition temperatures 
corresponding to the sample 11, 12 and 13 mentioned above. The increase of the glass 
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transition temperature correlates well with the amount of SS as determined by NMR (see fig. 
3.4.2b). The behaviour of the samples with 23% HS and 45% HS and 54% HS and 3000 
g/mol nM  was already discussed. 
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Fig. 3.4.2: Correlation between the glass transition temperatures gT  from DSC and the 
effective transverse relaxation rates LT2/1  (a) and the relative fractions LA  (b) of the soft 
segments determined by NMR. 
 
Proton residual second van Vleck moments become larger with decreasing mobility of 
HS and can be also correlated to the glass transition temperatures for the TPU samples (Fig. 
3.4.3). The glass transition temperature increases as the amount of HS is increased as a 
consequence of decreasing the degree of phase separation, which leads to a higher interaction 
between soft and hard segments. The larger the chain mobility, the more averaged is the local 
dipolar field which leads to lower values of 2M . At the same time higher chain mobility 
implies a higher free volume of the polymer, which will lead to lower values of the glass 
transition temperatures [75, 76]. With increasing the number average molecular weight of SS 
(for the same amount of HS) the values of 2M  decrease. Moreover, longer soft chains 
induce a lowering of the glass transition temperature. As seen in Fig. 3.4.3, the residual 
dipolar couplings can be correlated to the glass transition temperature of all TPU samples, 
independent of the amount of HS and the number average molecular weight of SS. 
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Fig. 3.4.3: Correlation of the segmental orderof the HS measured from residual van Vleck 
moments 2M  and the glass transition temperature gT  obtained from DSC measurements for 
the TPU samples (Table 3.2.1 (Appendix)). 
 
The rigid phase and its molecular mobility as detected by NMR at 150° C and 
attributed according to the DSC measurements to para- and crystalline HS, is correlated to the 
melting temperature of paracrystalline HS as obtained in the DSC measurements. The pure 
crystalline melting range is not discussed due to the fact that it happens at a very high 
temperature (above 240° C) where the structure of TPUs is strongly affected. As seen in Fig 
3.4.4, with increasing the amount of HS, the position of the peaks of their melting 
temperatures and their effective relaxation rates increase for reasons already discussed in 
section 3.3. 
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Fig. 3.4.4: Correlation of the effective relaxation rates of HS measured by NMR at 150° C 
and the melting temperatures determined by DSC measurements. 
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A correlation between the values of the rebound resilience and the amount of SS from 
NMR can be made due to the fact that both methods are sensitive to the variation of i) HS 
content in the same SS matrix, ii) SS number average molecular weight for the same amount 
of HS, iii) and the degree of the crystallization of SS. Figures 3.4.5a and 3.4.5b show the 
correlation between the rebound resilience and NMR in terms of the effective transverse 
relaxation rates and the relative fraction of SS. There is a good linear correlation between the 
above-mentioned NMR parameters and the rebound resilience in both cases. The transverse 
relaxation rates of the 54% hard segments and 3000 g/mol polyol sample (sample 14) and of 
both samples with 550 g/mol polyol as soft segments (samples 1 – 45% HS and 2 – 54% HS) 
are an exception. The reasons have been already discussed in section 3.2. Moreover, Fig. 
3.4.5b shows a very good correlation between the relative fractions of SS determined by 
NMR and the angle of rebound determined by rebound resilience independent of nM . 
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Fig. 3.4.5: Correlation between the angles of rebound from rebound resilience test and the 
effective transverse relaxation rates LT2/1  (a) and the relative fractions LA  (b) of the soft 
segments as determined by NMR. 
 
The interaction between the hard and soft segments through the mutual influence on 
the chain mobility is another reason why the residual dipolar couplings of HS are decreasing 
when the HS content is decreased. The same dependence is also reflected by the angle of 
rebound as seen from the rebound resilience measurements [48] (Fig. 3.4.6). The more mobile 
the chains, the more averaged are the dipolar couplings and the more elastic is the material. 
By increasing nM  of SS at the same content of HS, the dipolar coupling is more averaged 
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through a higher SS mobility but the angle of rebound is reduced due to the influence of the 
crystalline SS. 
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Fig. 3.4.6: Correlation of the segmental orderof the HS measured from residual van Vleck 
moments 2M  and the rebound resilience measurements described by the angle of rebound 
for the TPU samples (Table 3.2.1 (Appendix)). 
 
During tensile testing of the TPU materials, their microstructure changes depending on 
the amount of hard and soft segments and their length, (two factors which influence the phase 
separation) and the ability of SS to crystallize under strain. Until the material reaches the yield 
point, the changes are reversible, the behaviour up to 5% strain being a purely elastic 
deformation. Under these circumstances, the molecular mobility of these materials before 
testing, as well as the amount of the rigid phase should influence Young’ s modulus and the 
yield point of the tested material.  
The correlation between the segmental order as determined by the NMR 
measurements in terms of the residual dipolar coupling and Young’ s modulus, yield stress and 
strain determined from tensile testing are shown in Figs. 3.4.7a and 3.4.7b, respectively. With 
increasing the amount of HS for the same SS number average molecular weight, Young’ s 
modulus and the yield stress increase (Table 3.3.4 (Appendix)), and the mobility of the rigid 
phase decreases leading to higher values of the residual van Vleck moments. This behaviour 
is consistent with the formation of hydrogen bridges. Their number increases with the content 
of HS and leads to more cohesive hard domains [34]. Figure 3.4.7c shows that the yield 
strains increase and the relaxation rates LT2/1  of SS (see Table 3.3.5 (Appendix)) decrease 
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Fig. 3.4.7: Correlation of the segmental order of the HS measured from residual van Vleck 
moments 2M  and Young’ s modulus (E) (a) and the yield stress (b) for the TPU samples 
(Table 3.2.1 (Appendix)). The correlation between the transverse relaxation rates LT2/1  of the 
soft segments and yield stresses is shown in (c). 
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when the content of HS decreases and the number average molecular weight of SS increases. 
To explain the dependences shown in Fig. 3.4.7c, two effects have to be taken into account: 
the influence of the HS on the mobility of SS through their amount and the degree of phase 
separation and the SS crystallinity that increases with their chain length. The amorphous SS 
are responsible for the elastic deformations. Under different constraints, for instance, the 
presence of HS or crystalline SS, which reduces the free volumes, their possibility of 
expansion is limited. In order to enhance their free volume that will allow the material to 
reach a higher elastic behaviour, they force the limit to HS, to which they are directly 
connected. The structure of HS will be thus modified and the material undergoes plastic 
deformation. A different behaviour as the one discussed above, seems to be found for samples 
11 and 14 in Figs. 3.4.7 (a, b and c). As already discussed sample 11 has better structured 
crystalline SS, which help to improve the mechanical properties but are insufficient to reduce 
the molecular mobility of the amorphous SS. The high mobility of SS contributes to the 
averaging of the residual dipolar coupling. Sample 14 is in a co-continuous phase with a high 
degree of phase separation, which explains the high mobility of SS as seen in NMR but at the 
same time, this situation leads to enhanced mechanical properties as already explained in 
section 3.3.4.  
The microscopic properties of materials determine their macroscopic behaviour. A 
complete characterization of materials, starting with the microscopic and up to the 
macroscopic behaviour contributes to their better understanding and can help to improve their 
properties or changing them as necessary. 
 
 
3.5 Conclusions 
 
Proton NMR transverse relaxation of the magnetization, DSC, rebound resilience, hardness, 
and tensile testing techniques were used to characterize the molecular chain mobility, phase 
composition, glass transition temperatures, angles of rebound, hardness, Young’ s modulus, 
and yield and break points of a series of TPU samples with different content of hard segments 
and different number average molecular weight of soft segments. The composition of the TPU 
samples, i.e. the content of hard segments and the number average molecular weight of the 
soft segments influence the phase separation, the structure of the phases, and the degree of 
crystallization of the soft segments. The variation of these structural characteristics is 
monitored in the above mentioned testing methods as changes in transition temperatures, in 
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angles of rebound, in hardness, and in Young’ s modulus, as well as in yield and break points. 
In the NMR measurements they are reflected in the change of the effective transverse 
relaxation times and of the amplitudes of the corresponding relative fractions, of the TPU 
components and of the residual dipolar coupling as detected from the DQ build-up curves. 
A variation of the content of the hard segments for the same number average 
molecular weight soft segments of the polyol leads to an increase of the glass transition 
temperature as determined by DSC, to a decrease of the angle of rebound as determined by 
rebound resilience, and to the decrease of the yield strain as seen from tensile testing. These 
quantities can be correlated to the decrease in the effective transverse relaxation rates of the 
soft segments and to an increase of the relative fraction of the hard segments as determined by 
NMR. A variation of the number average molecular weight of the soft segments for the same 
content of the hard segments leads to a decrease of the glass transition temperature, a decrease 
of the angle of rebound and a decrease of the yield strain, and to an increase in the effective 
transverse relaxation time of the soft phase. 
Segmental order of the hard segments in thermoplastic urethane samples with different 
compositions was for the first time measured in terms of H1  residual second van Vleck 
moments. These quantities were measured model free from double-quantum build-up curves 
in the initial excitation/reconversion regime. The same information can be obtained in 
separate experiments from the effective transverse relaxation rates of the hard segments. The 
segmental order proves to depend on the content of the hard segments and the number average 
molecular weight of the soft segments. The value of the H1  residual van Vleck moments 
increases when the content of the hard phase increases. When the number average molecular 
weight of the SS increases, the segmental order of the hard phase is less pronounced. 
The segmental order of the hard phase is correlated with the mechanical quantities 
measured from tensile tests. Increasing the amount of HS for the same number average 
molecular weight of SS, Young’ s modulus, the yield stress, and the residual dipolar coupling 
of the rigid phase are increasing. The yield strain increases and the H1  relaxation rates of SS 
decrease when decreasing the content of HS and decrease with increasing the nM  of SS. 
These dependencies can be explained inter alia, by the changes in the phase composition that 
modify the effective cross-linking of the soft chains and by partial crystallization of the soft 
phase. 
Correlations between segmental orders of the hard phase, Young’ s modulus, yield 
stress, and rebound resilience angles are reported. A correlation of the residual second van 
Vleck moments with the glass transition temperatures was also done. A variation of the 
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number average molecular weight of the soft segments for the same content of the hard 
segments leads to a decrease of the segmental order as well as of the glass transition 
temperature as determined by DSC.  
All above mentioned parameters correlated well especially when the amount of HS is 
increased at the same number average molecular weight of the soft segments. But the rate at 
which they vary is different for different SS. The amount of HS as determined by NMR and 
its theoretical values, the amount of SS as determined by NMR and the rebound resilience 
values, and the average residual dipolar couplings and the glass transition temperature of the 
SS correlate very well, independent of the variation of the number average molecular weight 
of the soft segments within TPUs. A coherent and rational strategy for quality control of TPU 
materials can be developed based on these correlations between sample composition and 
microscopic and macroscopic parameters. All NMR parameters were measured with a low 
cost, low field NMR spectrometer. 
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4 Segmental Dynamics and Orientation in 
EPDM Elastomers: Influence of Fillers 
 
4.1 Introduction 
 
Technical elastomers represent an important class of materials, considering the large number 
of their applications. The change in the cross-link density and in the curing and post-curing 
conditions, the addition of filler particles and their distribution and the aging process are 
major factors which contribute to the modification of the macroscopic properties of these 
materials. An important objective of polymer science is to establish a relationship between the 
microscopic structure or molecular dynamics and the macroscopic properties of materials. 
The understanding of the molecular level behaviour of these materials allows the control and 
the modification of their macroscopic properties as needed in different applications. 
The addition of fillers in rubbery materials contributes not only to the enhancement of 
the mechanical properties but also to a decrease in the costs of the end-products. The 
polymer-filler interaction, which strongly depends on the total polymer-filler contact area and 
thus on the filler structure, is considered to be the main factor which contributes to the 
improvement of the mechanical properties of the polymers, especially at high elongations. 
According to Kraus [77], the reinforcing effect of fillers is due to the filler network built 
inside the rubbery matrix, up to 7% strain. Though a wide range of techniques was used to 
investigate the filler reinforcing effect in polymers, the microscopic origin of their interaction 
is still unclear. 
Solid-state nuclear magnetic resonance methods, in terms of H1  transverse relaxation 
of the magnetization [78-80] and one- and two dimensional spectroscopy [81, 82] have 
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proved to be suitable techniques to study the polymer-filler interactions. Though, the 
experimental studies of filled rubber are affected by the magnetic susceptibility of the fillers 
and the free radicals on the surface of the carbon black. Moreover, the complexity of the 
transverse relaxation makes the interpretation of the data difficult due to the complexity and 
the structural inhomogeneities of the material itself. 
From the NMR point of view, polymers above their glass-transition temperatures are 
regarded as ‘soft-solids’  which exhibit both solid-like and liquid-like features. The segmental 
motion is the one responsible for the liquid-like behaviour of the materials whereas the 
presence of entanglements (physical cross-links), fillers, and chemical cross-links leads to 
residual dipolar and quadrupolar couplings that are responsible for the solid-like properties. 
Depending on the restriction of the molecular motion, a residual coupling can be very small – 
a few percent of a coupling found in rigid solids.  
The presence of the fillers in raw polymers contributes to the formation of cross-links, 
and both the amount and the type of the filler affect the mobility of the individual polymer 
chain. The purpose of this chapter is to investigate the way these two variables, i.e., quantity 
and type of filler can be quantified, and their influence on the molecular mobility of the 
polymer chains. Moreover, the relaxation experiments are discussed in terms of both NMR 
polymer models presented in section 2.6, and the resulting average residual dipolar couplings 
are compared to those obtained model free from the double-quantum experiments. The 
purpose of this comparison is to study the influence of the model and the method on the final 
results. The chain mobility of the SBR (styrol-butadiene) polymer with different amounts of 
carbon black has been already investigated by means of relaxation and DQ NMR experiments 
in both low and high field (20 and 400 MHz) [82]. The results were discussed only in terms of 
the residual dipolar couplings. It was shown that the values resulting from the relaxation 
experiments show a higher dependence of the filler amount on the segmental order within the 
matrix than those obtained from the double-quantum experiments. The effect of the fillers in 
cross-linked polymers has been intensely investigated as already mentioned above, though the 
effect of fillers in raw polymers was not the subject of extensive discussions [79, 83]. The 
general conclusion in these studies is that the NMR technique in terms of relaxation 
measurement as well as in terms of one- and two-dimensional spectroscopy is sensitive to the 
influence of filler type and amount on the chain mobility. More specific, the effective 
relaxation time decreases and the residual dipolar coupling increases when increasing the 
filler amount or its reactivity. 
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4.2 Experimental 
 
Materials 
Seventeen carbon black filled samples were provided by Degussa AG, Köln, Germany. They 
are a mixture of EPDM polymer (Ethylene–Propylene–Diene terpolymers) (M defines the 
class of polymers with one unsaturated bond in the monomer unit) with four different carbon 
black fillers, the amount and activity (surface area and structure) of which were varied. The 
most active carbon black is Ecorax 1720, followed by N121, while N683/30 has a much lower 
activity than the two mentioned before. They are used mainly to improve certain mechanical 
properties of the polymers. N990 carbon black, due to its low interaction to the polymer 
chains, allows a higher filling degree, necessary in certain applications. Details describing the 
surface area, and the structure, and the amount of filler in the EPDM samples studied here are 
given in Table 4.2.1 (Appendix). The surface area of the carbon black is characterized by the 
iodine number, a value usually close to the surface area of carbon black aggregates measured 
in m2/g by absorption of hexadecyltrimethylammonium bromide (CTAB method). The carbon 
black surface structure is measured by the absorption of di-butyl phthalate (DBP) in the 
cavities between the carbon black aggregates in agglomerates. The smaller the particle size 
the higher is the DBP value. For carbon black fillers it was noticed that when increasing the 
degree of agglomeration at the same surface area, the DBP values also increase. The DBP 
value does not define the carbon black structure inside the polymer, this method measures the 
filler structure before the filler is mixed into polymer. 
The raw EPDM was extensively mixed with the fillers in Table 4.2.1 (Appendix) on a 
Werner & Pfleiderer GK 1,5N (1,6l) mill as described in Table 4.2.2 (Appendix). The process 
consisted of repetitive mixing of the components, the amount of filler being introduced 
successively, at certain time intervals. This mixing in steps ensures a good dispersion of 
carbon black in the EPDM matrix. The process took place at 80° C temperature and 5.5 bar 
pressure. The friction ratio was estimated to 1:1.11 for a rotation speed of 80 rpm (rotations 
per minute).  
As EPDM, Keltan 512/30 was used. The reason for this choice was that this polymer 
blend does not need additional softener for better processing. Thus, the NMR signal and its 
analysis are not complicated by a third component. Moreover the copolymers are generally 
amorphous elastomeric polymers without unsaturated bonds. Only one of the double bonds of 
the diene molecule takes part in the polymerization, resulting in a saturated polymer backbone 
with a pendant double bond that facilitates the use of the conventional sulfur curing. The lack 
4 Segmental Dynamics and Orientation in EPDM Elastomers: Influence of Fillers  
90   
of chain crystallization is another factor which simplifies the interpretation of the relaxation 
data. 
As already mentioned, the geometry and the reactivity of the filler surface play an 
important role in the filler-polymer interaction, with the physical and chemical binding of the 
polymer chains to the filler surfaces depending on the amount of surface disorder. Most of the 
fillers show universal structural features on different length scales: i.e., carbon black consists 
of primary spherical particles (of of order 20 - 50 nm) with a rough and energetically 
disordered surface that can form rigid aggregates in the 100 nm range with a fractal structure. 
Agglomeration of the aggregates on a large scale leads to the formation of filler clusters and 
even filler networks at high enough carbon black concentrations (of order of 64 1010 − nm). 
Considerable reinforcement can only be achieved if the relevant length scales of filler 
particles coincide with those of the polymer matrix (see Fig. 4.2.1) [84]. 
 
graphite
monomer unit
filler aggregate
polymer coil
primary particle
filler agglomerate
 
Fig. 4.2.1: Comparison of the length scales for the different structural elements. The carbon 
black particles interact directly with the monomers on their length scales. The aggregates and 
agglomerates have similar dimensions as the polymer coils i.e. they can interact with each 
other [84]. 
 
Several studies done on natural rubber (NR), carbon black filler EPDM and butadiene rubber 
(BR) proved the formation of a tightly bound rubber layer directly on the surface of the 
carbon black [83]. Furthermore, two more EPDM fractions occur in the rubbery matrix 
outside the tightly bound rubber: a loosely bound, EPDM fraction and a fraction of dangling 
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chains (see Fig. 4.2.2). In Fig. 4.2.2 the free chains are not depicted since they have been 
extracted prior to the NMR experiments [83]. 
 
Filler
Tightly bound rubber
Loosely bound rubber
Dangling chains
 
Fig. 4.2.2: A simplified representation of EPDM chains at the carbon black surface [83]. 
 
4.2.1 NMR Measurements 
The first part of the transverse relaxation process was recorded with a proton free induction 
decay edited by the Hahn echo, and the long component of the magnetization decay was 
measured with a Hahn echo pulse sequence. By varying the pulse spacing from 35 µs to 
10000 µs the amplitude of the Hahn-echo envelope was recorded as a function of time. 
Another approach in this study used the coupling between different nuclear spins to obtain 
information regarding the segmental order. The strength of the homonuclear 1H dipolar 
couplings was obtained model free from double-quantum build-up curves. Further details 
regarding the measuring procedures are given in sections 3.2 and 3.3, respectively.  
The deconvolution of relaxation experiments of the first part of the decay was done 
following the two models presented in section 2.6: a pure Gaussian approach in the SFDBS 
model (see Eq. (2.6.32)) and the exponential-Gaussian approach in GFS Model (first term in 
Eq. (2.6.26)). The long decay was analysed in both cases using an exponential function. The 
anisotropy parameter 'q  in the second term of the Eq. (2.6.26) (assigned to the dangling 
chains) was thus set to zero, the molecular motion of this fraction being considered fast 
enough so that the entire residual dipolar coupling is completely averaged. The third term, 
attributed in Eq. (2.6.26) to the sol fraction, is neglected for reasons explained below (section 
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4.3). When writing the two equations used to describe the segmental motion and orientation 
of the carbon black filled EPDM samples in terms of the effective transverse relaxation times 
2T  and the averaged residual dipolar couplings 2M  one obtains: i) in SFDBS model 
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(4.2.1) 
where ST2 and LT2  are the relaxation times of the short SA  and long LA  fractions and ii) in 
GFS model 
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where SLT2  is the relaxation time considered independent of the cross-link (see section 2.6). 
The equation (3.3.2) was used to fit the double-quantum build-up curves. The 
averaged dipolar coupling obtained from fitting the initial values of the 
excitation/reconversion periods τ  ( 2T<<τ  where SLLS TTTT 2222 ≠≠≠ ) is thus not 
influenced by any other NMR polymer model. The normalized DQ signal is described for 
short τ by 
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4.3 Results and Discussion 
 
Figure 4.3.1a presents the experimental 1H transverse relaxation decays for the Ecorax 1720 
EPDM samples. In Fig. 4.3.1b the first 100 sµ  of the relaxation process are detailed. First, it 
is to be noted, that the higher the filler amount, the faster becomes the entire transverse 
relaxation decay. Second, the detail shows that no component relaxes within 50 sµ , and third, 
the signal at the beginning is affected by the acoustic ringing. As already reported in the 
literature, the effective relaxation times of EPDM tightly bound on the carbon black surface, 
is of order of 50 sµ  at 80° C [83]. This value was determined from NMR relaxation 
experiments performed on a spectrometer similar to that used in the present study. But from 
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this sample, the sol fractions and furthermore also the dangling chains were extracted prior to 
the NMR measurements. Taken all this into consideration, it was concluded that the 
transverse decays discussed here describe the segmental mobility of the loosely bound rubber 
(first part of the magnetization decay), of the dangling chains, and the extractable polymer 
(the long part of the magnetization decay). The first fraction is attached to the carbon black 
due to the adsorption interactions and has a relaxation time of order of 600 sµ [83]. The NMR 
signal coming from the tightly bound rubber could not be detected due to its low amount 
within the measured samples and to the high mobility of the loosely bound rubber, dangling 
chains, and free rubber which dominates the relaxation process. Due to the fact that a mono-
exponential function gave the best fit to the long decay of the magnetization, it was concluded 
that the two fractions have similar effective relaxation times, and their mobility could not be 
differentiated. Hereafter the dangling chains and the free chains will be referred only as free 
chains. 
The deconvolution of the relaxation data of the raw EPDM using a combination of two 
functions, which characterize two fractions with different segmental mobility, is due to the 
physical entanglements present also in the unprocessed rubber. They are also responsible for 
the existence of a weak residual dipolar coupling, as shown below. 
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Fig. 4.3.1: Normalized H1  transverse magnetization decays as function of the amount of 
Ecorax 1720 carbon black (a) and details regarding the first 100 sµ  of the relaxation process 
(b). 
 
In order to test the validity of the assumption made before, one sample of tightly 
bound rubber was also prepared by Degussa AG, Köln, Germany. Details about the 
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preparation procedure, the type and the amount of filler have not been given. In Figure 4.3.2a 
the transverse relaxation decays of the raw EPDM, 70 phr Ecorax filled EPDM, and the bound 
rubber sample are presented. The choice of the comparison between the two known samples 
and the bound rubber was meant to emphasise the contrast among the extreme samples: row 
polymer, high carbon black filled polymer, and bound rubber. As seen also in Fig. 4.3.2b, 
where the transverse magnetization decay of the first 100 sµ  is detailed, the decay of the 
NMR signal is much faster in the case of the bound rubber sample. The equation (4.2.1) was 
fitted to the experimental data of the bound rubber. This led to an effective relaxation time of 
the fast part, representing the tightly bound rubber, of 40 sµ , while the long decay, attributed 
in this case to the loosely bound rubber, was about 450 sµ . It can be concluded that for the 
studied samples the information obtained from the NMR results corresponds to the loosely 
bound and dangling chains and free rubber (the last two referred as free chains).  
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Fig. 4.3.2: Normalized H1  transverse relaxation decays for unfilled EPDM, 70 phr Ecorax 
filled EPDM, and extracted bound rubber (a), and NMR signal of the first 100 sµ  of the 
relaxation process (b). 
 
Since the fast decay of the bound rubber sample could also originate from the small 
fraction of protons on the surface of carbon black, an additional experiment was made. A 
sample of Ecorax, in the same amount as the prepared bound rubber, was measured under the 
same condition. No significant signal was detected. The magnetic field gradients introduced 
by the filler particles and the paramagnetic impurities from the carbon black itself, as well as 
the free radicals produced during the mixing procedure [85] can be another cause which 
contributes to the fast decay of the NMR signal. Cashell et al. [86] showed that the predicted 
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effective relaxation time due to the inhomogeneities at the rubber-filler interface is of order of 
milliseconds. Such values are too high compared to the 40 sµ  determined for our investigated 
sample. This comparison suggests that the magnetic field inhomogeneities have only a small 
influence on the relaxation process. A previous study of carbon black filled rubber proved that 
the paramagnetic impurities are not at the origin of the fast decay of the NMR signal [87]. 
 
The Effect of the Filler Content 
First, the analysis of the experimental data fitted to Eq. (4.2.1) is discussed. By increasing the 
filler content, the mobility of the loosely bound rubber ( ST2 ) and that of the free rubber ( LT2 ) 
decreases, except for the N990 filled EPDM samples where this effect is not clear (see Figs. 
4.3.3a and 4.3.3b). Once the polymer-filler interaction increased through a higher contact area 
(a consequence of increasing the filler content), the mean density of the absorption junctions 
in the rubber matrix is also increased. The mobility of the polymer chains, close or not to the 
filler particles is thus affected.  
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Fig. 4.3.3: Influence of the amount of filler on the segmental mobility of the loosely bound (a) 
and free (b) rubber. 
 
Table 4.3.1 (Appendix) presents the effective transverse relaxation times 
characterizing the mobility of the filled EPDM samples for both NMR models (see section 
4.2). Moreover, in every second, forth and sixth row corresponding to each filler type, the 
reduced segmental mobility of the row polymer as a function of the filler amount is given in 
percentages. By comparing the values in the second and forth rows, it becomes now obvious 
4 Segmental Dynamics and Orientation in EPDM Elastomers: Influence of Fillers  
96   
that the amount of filler influences more the segmental mobility of the chains in their closed 
vicinity, than the free ones. As already mentioned, the motion of the free chains is not much 
influenced by the N990 carbon black filler, due to its low activity. Their segmental mobility 
decreases for the 20 phr sample compared with the row polymer, then increases at 40 phr and 
60 phr filler content, and at 70 phr filler the molecular mobility decreases once again. In the 
literature it is already described how the chain dynamics are affected in the vicinity of filler 
particles, and that the remaining components are only weakly affected [80, 88].  
Fitting Eq. (4.2.2) to the experimental data, the global transverse relaxation time which 
characterizes the molecular mobility of the samples, decreases with increasing amount of 
filler (see Fig. 4.3.4), except for the N990 filled samples. The variation of the effective 
relaxation times of the polymeric chains when increasing the amount of the filler is similar to 
that obtained in the SFDBS Model.  
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Fig. 4.3.4 Influence of the amount of carbon black on the global effective relaxation times. 
 
It can be thus concluded that both NMR models (SFDBS and GFS model) are suitable 
to characterize the segmental mobility of filled EPDM samples, when the amount of filler is 
increased and when the filler is active, as is the case for Ecorax 1720, N121 or N683/30. With 
increasing amount of the filler, due to the increased filler-polymer contact area, the chain 
mobility of both loosely bound as well as the free rubber is decreased. In the case of the 
inactive filler N990, the chain mobility decreases with increasing amount of filler up to 40 phr 
and at 70 phr filler content the chain mobility is close to that of the 20 phr sample. This effect 
is not well understood. The particular change of the EPDM badge or small variation in the 
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mixing process (time or temperature) as well as the inhomogeneity of the materials (this effect 
was not seen with DQ experiments) could be the cause of this behaviour. It is to be noticed 
that the influence of this filler on the chain mobility within the matrix are very small due to its 
low activity. 
 
Influence of the filler activity 
The influence of the filler activity on the segmental mobility is another topic discussed in this 
work. By comparing the influence of the four types of carbon blacks on the chain mobility of 
the samples, for the same amount of filler, it is noted that their effect becomes appreciable at 
high filler contents (i.e. at 60 and 70 phe compared to 20 and 40 phr).  
In the SFDBS approach the chain mobility of the loosely bound rubber decreases with 
increasing filler activity (see Fig. 4.3.3a). For example, at 20 phr filler content, the difference 
in the chain mobility of N990 and Ecorax filled samples is only of 36 sµ , at 70 phr this 
difference goes up to 200 sµ . Moreover, by comparing the two active fillers, the difference in 
the relaxation times is 19 sµ  at 20 phr and 28 sµ  at 70 phr. If a linear dependence of the 
segmental mobility of the loosely bound rubber is taken into consideration, the value of its 
slope should correlate to the filler activity. In Table 4.3.2 (Appendix) the value of the slope 
and the residuum, which characterize the quality of the fit are given. Except for the N990 
filled EPDM samples the linear approximation proved to be a good assumption. The effective 
relaxation times obtained for the N990 filled samples have been discussed above. On the 
NMR time scale their values vary rather randomly in a range of 20 sµ . 
In Fig. 4.3.5 it can be seen that the higher the filler activity the lower is the value of 
the slope describing the loosely bound rubber. The same trend is valid also for the free chains 
though no clear difference between the two active fillers can be noticed. The difference 
between the N683/30 and N990 carbon black fillers is noticeable. The same results as those 
obtaining by analysing the free chains in SFDBS model are obtained when following the same 
linear approximation in terms of GFS model ( SLT2 ) (see Table 4.3.2 (Appendix)).  
As the filler activities the product of the surface area and structure are discussed, these 
two parameters together contribute to the final characteristics of the carbon black filler. As 
can be seen from Table 4.2.1 (Appendix) the surface area of the Ecorax 1720 and N121 are 
the same but the structure of the first filler is more complex. This last factor leads to an 
improved filler activity. Comparing the N121 and N683/30 fillers, the surface area is that 
which contributes to the enhancement of the activity of N121, the surface structure being very 
close.  
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Fig. 4.3.5 For a linear dependence of the segmental mobility measured from transverse n 
relaxation of the magnetization of the loosely bound rubber ( ST2 ) on the amount of filler, the 
slope indicates the influence of the filler activity on the transverse relaxation. The more active 
the filler, the lower is the chain mobility, and the slope decreases. 
 
In order to analyse the influence of the filler activities on the polymer matrix, for the 
same amount of the filler (in phr), the segmental mobility of the loosely bound rubber, as 
determined by the SFDBS model proved to be very sensitive. The more active the fillers, the 
lower is the chain mobility. The influence of the filler type on the segmental mobility of the 
free chains, as determined by the SFDBS model, or on the global effective relaxation times as 
obtained by the GFS approach could not be identified for Ecorax and N121. Though, 
noticeable contrasts could be seen between the two low active carbon blacks N683/30 and 
N990. 
 
Segmental order by 1H Residual Dipolar Coupling Determined by Transverse 
Relaxation of the Magnetization and by Double-Quantum NMR Experiments 
NMR relaxation methods as well as double-quantum NMR spectroscopy can be used to 
characterize the influence of the filler particles on the polymers into which they are mixed. 
The choice of the NMR method or of the model used to describe the segmental motions in 
elastomers, i.e. filled EPDM, has been the of many debates. The variation of the relaxation 
time, as well as the suitability of the model, depend on the amount of the fillers and on their 
activity for the same filler content was discussed above. As already mentioned in the section 
4.2, the transverse relaxation can be analysed in terms of effective relaxation times and 
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residual dipolar couplings, as seen in Eqs. (4.2.1 and 4.2.2). The residual dipolar couplings 
obtained from these measurements can be compared to those determined model-free from the 
double-quantum build-up curves. 
The DQ method is intrinsically better suited to measure residual dipolar couplings, as 
it yields intensity build-up data related to DQ coherences, which are only excitable by means 
of dipolar coupling. We could only speculate that strong local field gradients induced by a 
relatively large susceptibility contrast between network and filler might not be negligible and 
impose a trend on the relaxometry data [82]. 
Figure 4.3.6 shows the averaged dipolar coupling for all filler types and amounts, as 
determined from the relaxation decays – Eqs. (4.2.1 and 4.2.2) and from double-quantum 
experiments using Eq. (4.2.3). Their values are detailed in Table 4.3.3 (Appendix). 
Independent of the method used for measurements of 2M , they increase with increasing 
amount of fillers at the same filler type. Moreover, these values decrease when the filler 
activity (type) is decreased at the same amount of carbon black. An exception are the N990 
filled EPDM samples, where the averaged dipolar couplings remain about constant. We note 
that the differences in the 2M  values measured by the different NMR experiments are of one 
order of magnitude. These differences come from the NMR time scale, and are related to the 
average efficiency of the segmental motions. As expected, on a scale of milliseconds, the ultra 
slow motion contributes to a higher averaging of the dipolar couplings. This is the case of the 
2M  values measured from transverse relaxation experiments. The results obtained from the 
relaxation data are almost equal for unfilled polymers, and begin to differentiate as the filler 
amount is increased. The rate at which 2M  grows when the filler content is increased is 
lower in the SFDBS approach than the one resulting from the GFS model.  
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Fig. 4.3.6 Proton residual second van Vleck moments of all carbon black filled EPDM 
samples as a function of the filler amount and filler type (a-d). The results are obtained from 
the relaxation experiments with the SFDBS and GFS models and from DQ build-up curves. 
 
Figure 4.3.7 presents the averaged dipolar couplings for all filler types and amounts, as 
determined from relaxation and double-quantum experiments, normalized to the value of the 
unfilled EPDM. For the high active fillers (i.e., Ecorax and N121), the normalized values of 
2M  as determined from SFDBS model and DQ and from GFS model at low filler content 
are close together, while the those obtained from the GFS model at high filler concentration 
show a higher contrast among the samples. With decreasing the filler activity the normalized 
values become closer, and for N990 the differences are within the error limit.  
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Fig. 4.3.7 Normalized values of residual second van Vleck moments 2M  of filled EPDM 
samples. The normalization was done at the value of unfilled, non-cross-link EPDM. The 
dependence of 2M  on the filler contents (phr) are shown in figures a-d. 
 
The averaged residual dipolar couplings, obtained both from relaxation and double-
quantum experiments are sensitive to the variation of the filler content as well as to the filler 
activity when the amount of filler is maintained constant. Though the ultra-slow motion 
affects the 2M values obtained from the relaxation experiments, leading to values one order 
of magnitude lower than those obtained from DQ NMR, the normalization to the value of the 
unfilled rubber leads to almost the same relative values. An exception are the data according 
to  the GFS model at both higher filler amount and activity. 
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4.4 Conclusions 
 
The segmental dynamics of carbon black filled EPDM samples were investigated as a 
function of the filler amount and of the filler type by means of homogeneous low field NMR 
(20 MHz H1  frequency). The transverse relaxation decays were interpreted in terms of the 
SFDBS and GFS models. The averaged dipolar couplings obtained in this way were 
compared to those obtained from H1  DQ NMR experiments. 
Both models proved to be adequate to investigate the segmental mobility in terms of 
relaxation times, when the amount of the filler is increased. The higher the amount of carbon 
black within the EPDM matrix, the more polymer chains are absorbed on the filler particles 
surface, and their mobility is decreased.  
When analysing the filler activities, at the same filler amount, the SFDBS model 
proved to be more sensitive. The effective relaxation time which describes the segmental 
mobility of the loosely bound fraction decreases with increasing filler surface area and 
structure. The influence of the filler type on the segmental mobility of the free chains, as 
determined by the SFDBS model, or on the global effective relaxation times as obtained using 
the GFS approach, could not be determined when comparing the two active fillers (Ecorax 
and N121). Though, noticeable contrasts could be seen between the two less active carbon 
blacks, N683/30 and N990. 
The averaged residual dipolar couplings increase with increasing amount of fillers of the 
same filler type, independently of the NMR method (single or multiple-quantum NMR 
experiments), or in the case of the relaxation experiments independent of the chosen model. 
At the same time, these quantities decrease when the filler activity (type) is decreased at the 
same amount of carbon black. The ultra-slow motion which influences the relaxation 
experiments, leads to a higher average of the 2M  moments, their values being of an order of 
magnitude smaller than those obtained from the DQ measurements. Normalizing the values of 
the residual dipolar coupling of all samples to the value of the unfilled EPDM, it is noted that 
for small amounts of filler and with decreasing filler activity, all NMR measurements lead to 
the same qualitative and quantitative results. For both higher filler content and activity, the 
values obtained from the GFS model are higher than those obtained from the SFDBS model 
and the DQ measurements. 
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5 Summary and Outlook 
 
The dependence of the NMR transverse relaxation times and of the average residual dipolar 
couplings on the composition of rubbery materials was investigated using a homogeneous low 
field NMR spectrometer (0.5 T at a proton Larmor frequency of 20 MHz). Two types of 
restrictions to the motion in polymer chains were investigated: chemical cross-links and filler 
particles. In all cases the transverse relaxation times 2T  and the average residual couplings 
2M  directly reflect the polymer chain dynamics, which are influenced in different ways by 
the inflicted restrictions. Thermoplastic polyurethanes, in which the amount of hard segments 
as well as the number average molecular weights nM of the soft segments were varied, were 
used in this investigation. Moreover, EPDM rubber samples filled with different fillers, the 
amount of which was increased in four steps, were studied.  
The purpose of investigating the TPU samples is a better characterization of these 
materials by combining a set of measurements, in particular differential scanning 
calorimetery, rebound resilience, hardness, tensile testing, and NMR techniques. The 
mechanical and the thermal properties of thermoplastic polyurethanes, as well as their chain 
dynamics determined by NMR are influenced by the number average molecular weight of the 
segments, the type and the amount of the hard and soft segments, the interaction between 
these two phases and by the capacity of soft segments to crystallize. The good correlation 
between the macroscopic properties as determined by classical methods and the microscopic 
properties determined by NMR recommends low-field NMR as a potential method for quality 
control, with the particular of being fast, inexpensive and partially non-destructive. 
The influence of the filler amount and activity on the unvulcanized EPDM polymer 
matrices was investigated via transverse relaxation NMR experiments. The results were 
interpreted using both the Sotta, Füller, Demco, Blümich, Spiess and the Gotlieb-Fedotov-
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Schneider models. The sensitivity of the determined effective relaxation times in both models 
is discussed, for varying the composition of the fillers. Moreover, the values of the average 
dipolar coupling results from the relaxation and double-quantum build up experiments are 
compared and discussed. 
 
The influence of the matter composition on the thermal, mechanical, and microscopic 
properties of the TPU materials are listed and summarized as follows: 
 
• The increase of the content of hard segments for the same number average molecular 
weight of soft segments leads to an increase of the glass transition temperature as 
determined by DSC, to a decrease of the rebound resilience, and to the decrease of the 
yield strain as seen from tensile testing. These quantities can be correlated to the 
decrease in the effective transverse relaxation rates of the soft segments and to an 
increase of the relative fraction of the hard segments as determined by NMR. The 
main mechanism contributing to these variations is the increase of the interactions 
between hard and soft segments due to a reduction in the quality of the phase 
separation. When decreasing the number average molecular weight of the soft 
segments for the same content of the hard segments, the glass transition temperatures, 
the values of the rebound resilience, and the yield strain are increased and the effective 
transverse relaxation times of the soft phase are decreased. The increased capacity of 
longer chains to segregate and the ability of the soft segments to crystallise, when their 
chain lengths are increased, are the main reasons which led to this behaviour. 
 
• For the first time the segmental order of the hard segments in thermoplastic 
polyurethane samples with different compositions was measured from H1  residual 
second van Vleck moments. These quantities were determined model free from 
double-quantum build-up curves in the initial excitation/reconversion regime. The 
value of these moments increases when the content of the hard phase is increased and 
when the number average molecular weight of the SS is decreased. The segmental 
order of the hard phase is correlated with the mechanical quantities measured from the 
tensile tests. When increasing the amount of HS for the same number average 
molecular weight of the soft segments, Young’ s modulus, the yield stress, and the 
residual dipolar coupling of the rigid phase increase. These dependencies can be 
  5 Summary and Outlook 
  105 
explained inter alia, by changes in the phase composition that modify the effective 
cross-linking of the soft chains and by partial crystallization of the soft phase. 
 
• The melting temperature of the para-crystalline hard segments could be correlated to 
their effective transverse relaxation rates as seen by NMR at 150° C. The melting of 
the interface, which at 40° C gave information on both soft and hard components, 
proves that with increasing number average molecular weight of the soft segments, the 
hard phase becomes better structured through more hydrogen bonding. 
 
The carbon black filled EPDM samples were investigated in terms of effective 
transverse relaxation times according to the SFDBS and GFS models, and average residual 
dipolar couplings. The results are summarized as follows: 
 
• The chain mobility of the fractions in the vicinity of fillers is stronger influenced by 
the filler particles than the presence of dangling and free chains. 
 
• The averaged residual dipolar couplings increase with increasing amount of fillers of 
the same filler type, independent of the NMR method or in the case of the relaxation 
experiments, independent of the chosen model. When normalizing the values of the 
residual dipolar coupling of all samples to the value of the unfilled EPDM, it is noted, 
that for small amounts of fillers and with decreasing filler activity, all NMR 
measurements lead to the same qualitative and quantitative results. For both higher 
filler content and activities, the values, obtained from the GFS model, are higher than 
those obtained from the SFDBS model and DQ measurements. 
 
 
These studies have led to a phenomenological description of the changes in the chain 
mobility and order under the influence of the composition. The interpretation of the results 
has been given based on the available theory for polymers and on the cumulative information 
obtained from all measurements done on these materials. The NMR methods employed are 
relatively easy and highly sensitive to the changes in the chain mobility and segmental order 
of matter, factors which recommend them as applicable to all kinds of polymeric materials, 
for which microscopic parameters and phase compositions shall be determined. The 
investigation of these materials as a function of time and temperature can provide additional 
5 Summary and Outlook   
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information regarding the chain mobility, segmental order and phase composition before and 
after thermal transitions, thus helping to improve the processing parameters. The quality of 
the phase separation which results from different processing steps and types can thus be 
evaluated. 
Furthermore NMR spin-diffusion experiments could bring useful information about 
the morphology of the TPU materials. In particular, size of the domains of the soft phase can 
be determined directly only with this NMR technique. The investigation of the self-diffusion 
diffusion coefficients of liquids incorporated in polymeric material by swelling is another 
possibility to test the molecular dynamic in matter. 
The increasing sensitivity of the NMR MOUSE® gives the possibility of monitoring 
on-line static and dynamic tensile tests and biaxial deformation. Moreover, the homogeneity 
of materials can be tested non-destructively, both on the surface as well in the bulk of 
products. 
 
  References 
  107 
 
 
 
References 
 
 
[1] H.P. Klug, L.E. Alexander, X-ray Diffraction Procedures, J. Wiley, New York, 1974. 
[2] I. Voit-Martin, Adv. in Polym. Sci., 67, 1985. 
[3] B.J. Berne, R. Pecora, Dynamic Light Scattering, J. Wiley, New York, 1976. 
[4] P. Schleger, B. Farago, C. Lartigue, A. Kollmar, D. Richter, Clear Evidence Reptation in 
Polyethylene from Neutron Spin-Spectroscopy, Phys. Rev. Lett., 81, 2140-2143, 1998. 
[5] R. Muller, J.J. Pesce, C. Picot, Chain Conformation in Sheared Polymer Melts as Revealt 
by SANS, Macromolecules, 32, 4356-4362, 1990. 
[6] B. Blümich, Imaging of Materials, Oxford University Press, Oxford, 1992. 
[7] R.L. Kleinberg, Encyclopaedia of Nuclear Magnetic Resonance, Vol. 8, Well Logging, 
Willey, Chichester, 1996. 
[8] W.L. Rollwitz, Using Radiofrequency Spectroscopy in Agricultural Applications, 
Agricultural Eng., 66, 12-14, 1985. 
[9] E.Fukushima, A.R.T. Rath and S.B.W. Roeder, U.S. Patent 4721914, 1988. 
[10] B. Blümich, Essential NMR, Springer, Berlin, 2005. 
[11] F. Bloch, W.W. Hansen, M. Pachard, Nuclear Induction, Phys.Rev., 70, 460-474,1946. 
[12] E.M.Purcell, H.C. Torrey and R.V. Pound, Resonance Absorption by Nuclear Magnetic 
Moments in a Solid, Phys.Rev., 69, 37-43, 1946. 
[13] C.P. Slichter, Principles of Magnetic Resonance, 3rd Edition, Springer, Berlin, 1990. 
[14] R. Kimmich, NMR Tomography Diffusometry Relaxometry, Springer, Berlin, 1997. 
[15] P.T. Callaghan, principles of Nuclear Magnetic Resonance Microscopy, Claredon Press, 
Oxford, 1993. 
[16] R. Fechete, D.E. Demco, B. Blümich, Chain Orientation and Slow Dynamics in 
Elastomers by Mixed Magic-Hahn Echo Decay, J. Chemical Physics, 118, 2411-2421, 2003 
References   
108   
[17] G.J. Bowden, W.D. Hutchinson, Tensor Operator Formalism for Multiple-Quantum 
NMR, 1. Spin-1 Nuclei, J. Magn. Reson, 67, 403-414, 1986. 
[18] A. Adams-Buda, D.E. Demco, M. Bertmer, B. Blümich, Multiple-Quantum NMR on 
Structure, Orientation, Morphology and Dynamics of Polymers, Biomolecules and Ordered 
Tissues, C.R. Chimie, 2005, in press. 
[19] J.P. Cohen Addad, NMR and Fractal Properties of Polymeric Liquids and Gels, Prog. 
Nucl. Mag. Reson.Spec., 25, 1-316,1993. 
[20] P.G de Gennes, Reptation of a Polymer Chain in the Presence of Fixed Obstacles, J. 
Chem Phys., 55, 572-579, 1971 
[21] U. Heuert, M. Knoergen, H. Menge, G. Scheler, H. Schneider, New Aspects of 
Transversal 1H-NMR Relaxation in Natural Rubber Vulcanizates, Polymer Bulletin, 37, 489-
496, 1996. 
[22] Yu.Yu. Gotlib, M.I. Lifshits, V.A. Shvelev, I.S. Lishanskyi, I.V. Balanina, Vysokomol. 
Soedin.A, XXVIII, 10, 1976 (The English version of the journal is Poly. Sci. USSR). 
[23] P. Sotta, C. Flüber, D.E. Demco, B. Blümich, H.W: Spiess, Effect of Residual Dipolar 
Interactions on the NMR Relaxation in Cross-Linked Elastomers, Macromolecules, 29, 6222-
6230, 1996. 
[24] M. Knörgen, H. Menge, G. Hempel, H. Schneider, M.E. Reis, Relationship between the 
Transverse NMR Decay and the Dipolar Interaction in Elastomers: a Comparison of two 
Models, Polymer, 43, 4091-4096, 2002 
[25] D.A. Vega, M.A. Villar, E.M. Valles, C.A. Steren, G.A. Monti, Comparison of Mean-
field Theory and 1H NMR Transversal Relaxation of Poly(dimethylsiloxane) Networks, 
Macromolecules, 34, 283-288, 2001. 
[26] O. Bayer, Das Di-Isocyanat-Polyadditionsverfahren (Polyurethane), Angew.Chem., 59, 
257-288.,1947. 
[27] O. Bayer, W. Siefkin, L. Orthner, H. Schild, German Patent 728, 981, 1942. 
[28] A. Noshay, I.E. Mc Grath, Block Copolymers: Overview and Critical Survey, Academic 
Press, New York, 1997. 
[29] J.H. Saunders, K.C. Frish, Polyurethanes: Chemistry and Technology, Part 2: 
Technology, Interscience: New York, 1962. 
[30] C.J. Spaans, Biomedical Polyurethanes Based on 1,4-butanediisocyanate, Thesis 
University of Groningen, 15-26, 2000. 
[31] H.F. Mark, Encyclopaedia of Polymer Science and Technology, 2nd ed., Vol.13, Wiley: 
New York, 1988. 
  References 
  109 
[32] B.L. Seal, T.C. Otero, A Panitch, Polymeric Biomaterials for Tissue and Organ  
Regeneration, Mat. Sci. Eng., R34, 147-230, 2001 
[33] U. Ulrich, Chemistry and Technology of Isocyanates, 1st ed.; Wiley: Chichester, 1996. 
[34] M.D. Lelah, S.L. Cooper, Polyurethanes in Medicine, CRC Press, Boca Raton, Florida 
1953. 
[35] S. Gogolewski, Selected Topics in Biomedical Polyurethanes. A Review, Colloid. 
Polym. Sci., 267, 757-785, 1989. 
[36] J.H. Saunders, K.C. Frish, Polyurethanes: Chemistry and Technology, Part1: Chemistry, 
Interscience: New York, 1962. 
[37] Z.S. Petrovic, J. Ferguson, Polyurethane Elastomers, Prog. Polym. Sci., 16, 695-836, 
1991. 
[38] E. Sorta, A. Melis, Polymer, Block Length Distribution in Finite Polycondensation 
Copolymers, 19, 1153-1156, 1978. 
[39] B.P. Grady, S.L. Cooper, Science and Technology of Rubber, J.E. Mark, F.R. Erman, 
Eirich editors, Academic Press: San Diego, 1978. 
[40] G. Holden, N.R.  Legge, R. Quirk, H.E. Schroeder, Thermoplasticelastomers, 2nd ed., 
Hanser Publishers: Munich, 1996. 
[41] D.J. Lyman, Rev. Macromol. Chem., 191(1), 1966. 
[42] K. Dusek, Polym. Bull., 17, 481-488, 1987. 
[43] Show MC, DeSalvo GJ. On the Plastic Flow beneath a Blunt Axisymmetric Intender, 
vol. 92. Trans. ASME, 1970. 
[44] P. Bilski, N.A. Sergeev, J.J. Wasicki, J. Mol. Phy. Rep., 29, 55, 2000. 
[45] M. Voda, D.E. Demco, J. Perlo, R.A. Orza, B. Blümich, Multispin Moments Edited by 
Multiple-quantum NMR: Application to Elastomers, J. Magn. Reson., 172, 98-109, 2005. 
[46] M. Schneider, L. Gaspar, D.E.Demco, B. Blümich, Residual Dipolar Couplings by 1H 
Dipolar Encoded Longitudinal Magnetization, Double- and Triple-Quantum Nuclear 
Magnetic Resonance in Cross-Linked Elastomers, J. Chem.Phys., 111, 402-415, 1999. 
[47] X.Q. Shi, K. Aimi, H. Ito, S. Ando, T. Kikutani, Characterization on Mixed-crystal 
Structure of Poly(butylene terephthalate/succinate/adipate) Biodegradable Copolymer Fibers, 
Polymer, 46, 751-760, 2005. 
[48] Li-Fen Wang, Effect of Soft Segments’  Length on the Thermal Behaviour of Flourinated 
Polyurethanes, Eur. Poly. J., 41, 293-301, 2005. 
[49] A.L. Chang, E.L. Thomas, Morphological Studies of PCP/MDI/BDO-Based Segmented 
Polyurethanes, American Chemical Society, 31-51,1979. 
References   
110   
[50] C.B. Wang, S.L. Cooper, Morphology and properties of segmented polyether 
polyurethaneureas, Macromolecules, 16, 775-786, 1983. 
 [51] I.T. Garett, Xu Ruijian, Cho Jaedong, I. Runt, Phase Separation of Diamine Chain-
Extended Poly(urethane) Copolymers: FTIR Spectroscopy and Phase Transitions, Polymer, 
44, 2711-2719, 2003 
[52] R.F. Story, C.D. Hoffmann, Polyurethane Networks Based on Poly(ethylene ether 
carbonate) Diols, Polymer, 33, 2807-2816, 1992. 
[53] S. Krause, Block and Graft Copolymers, Eds. John John J.Burke and Volker Weiss, 
Syracuse University Press, Syracuse, New York, 1973. 
[54] S. Velankar, S.L. Cooper, Microphase Separation and Rehological Properties of 
Polyurethanes Melts. 1. Effect of Block Length, Macromolecules, 31, 9181-9192, 1998. 
[55] B. Morese-Seguela, M. St-Jaques, I.M. Renaud, J. Prud'homme, Microphase Separation 
in Low Molecular Weight Styrene-Isoprene Diblock Copolymers Studied by DSC and 13C 
NMR, Macromolecules, 13 100-106, 1980. 
[56] A.J. Ryan, C.W. Macosko, W. Bras, Order-Disorder Transition in a Block 
Copolyurethane, Macromolecules, 25, 6277-6283, 1992. 
[57] I.T. Koberstein, T.P. Russell, TP Simultaneous SAXS-DSC Study of Multiple 
Endothermic Behavior in Polyether-based Polyurethane Block Ccopolymers, 
Macromolecules, 19, 714-720, 1986. 
[58] G.L. Wilkes, I.A. Emerson, Time Dependence of Small Angle X-Ray Measurements on 
Segmented Polyurethanes Following Thermal Treatment, J. Appl. Phys., 47, 4261, 1976. 
[59] V.M. Litinov, M. Bertmer, L.Gasper, D.E. Demco, B. Blümich, Phase Composition of 
Block Copoly(eter ester) Thermoplastic Elastomers Studied by Solid-State NMR Techniques, 
Macromolecules, 36, 7598-7606, 2003. 
[60] M. Song, D.J. Houston, F.-U. Schafer, H.M. Pollock, A. Hammiche, Modulated 
Differencial Scanning Calorimetry: XVI. Degree of Mixing in Interpenetrating Polymer 
Networks, Termochimica Acta, 351, 25-32, 1998. 
[61] I. Javni, W. Zhang, V. Karajkov, Z.S. Petrovic, V.J. Divjakovic, Effect of Nano- and 
Micro-Sillica Filler on Polyurethane Foam Properties, Cell. Plastic, 38, 229-239, 2002. 
[62] M. Doi, S.F. Edwards, The Theory of Polymer Dynamics, Oxford: Clarendon Press, 
1986. 
[63] T.L. Smith, J. Polym. Sci. Phys., 12, 1825-1835, 1974. 
  References 
  111 
[64] S. Gopakumar, C.I. Paul, M.R. Gopinathan Nair, Segmented Block Copolymers of 
Natural Rubber and 1,4-Butane Diol -Toluene Diisocyanate Oligomers, Mat. Sc.-Poland, 23, 
227-232, 2005. 
[65] J.C. West, S.L. Cooper, Science and Technology of Rubber, New York: Academic Press, 
1978. 
[66] R.J. Young, Introduction to Polymers, Cambridge: University Press, 1983. 
[67] G. Wegner, Termoplastic Elastomers, 1st ed, Munich: Carl Hansen Verlag., 1987. 
[68] D. Roylance, Yield and Plastic Flow, Massachusetts Institute of Technology: Dep. Mat. 
Science and Engineering, 2001. 
[69] M.C.E.J. Niesten, R.J. Gaymans, Tensile and Elastic Properties of Segmented 
Copolyetheresteramides with Uniform Aramid Units, Polymer, 42, 6199-6207, 2001. 
[70] K. Saalwächter, P. Ziegler, O. Spyckerelle, B. Haidar, A. Vidal, J-U. Sommer, Structural 
and Dynamic Heterogeneity in Swollen and Bimodal Polymer Networks as Investigated by 
1H Multiple-Quantum and Diffusion NMR, J. Chem. Phys., 116, 3468-3478, 2003. 
[71] M. Rubinstein, R. Colby, Polymer Physics, Oxford: University Press, 2003. 
[72] M. Bertmer, L. Gasper, D.E. Demco, B. Blümich, V.M. Litvinov, Investigation of Soft 
Component Mobility in thermoplastic Elastomers using Homoo- and Heteronuclear Dipolar 
Filetered 1H Double Quantum NMR Experiments, Macromol. Chem. Phys., 205, 83-94, 2004. 
[73] V.I. McBrierty, K.J. Packer, Nuclear Magnetic Resonance in Solid Polymers, University 
Press, Cambridge, 1993. 
[74] V.M. Litvinov, V.B.F. Mathod, Partitioning of Main and Side-Chain Units between 
Different Phases: A Solid-State 13C NMR Inversion-Recovery Cross-Polarization Study on a 
Homogeneous, Metallocene-Based, Ethylene-1-Octene Copolymer, Solid State Nucl. Magn. 
Reson., 22, 218-234, 2002. 
[75] A-N. Gent, Engineering with rubber, Carl Hanser-Verlag, 1992. 
[76] A.V. Tobolsky, Properties and Structure of Polymers, USA: John Wiely & Sons Inc., 
1960. 
[77] G. Kraus, Reinforcement of Elastomers by Carbon Black, Adv. in Polym. Sci., 155 (8), 
1971. 
[78] M. Luo, M. Klüppel, H. Schneider, Study of Filled SBR Elastomers Using NMR and 
Mechanical Measurements, Macromolecules, 37, 7847-8173, 2004. 
[79] V.M. Litvinov, P.P. De, Eds. Spectroscopy of Rubbers and Rubbery materials; Rapra 
Technology Ltd.: Shawbury, 2002. 
References   
112   
[80] J. Leisen, J. Breidt, J. Kelm, 1H Relaxation Studies of Cured Natural Rubbers with 
Different Carbon Black Fillers, Rubber Chem. Technol., 72, 1-14, 1999. 
[81] D.E. Demco, S Hafner, H.W: Spiess, Spectroscopy in Rubbery Materials, Eds., V.M. 
Litvinov and P.P. De, Rapra Technology, Shawbury, UK, 2002. 
[82] K. Saalwächter, Artifacts in Transverse Proton NMR Relaxation Studies of Elastomers, 
Macromolecules, 38, 1508-1512, 2005. 
[83] V.M. Litvinov, P.A.M. Steeman, EPDM-Carbon Black Interactions and the 
Reinforcement Mechanisms, as Studies by Low-resolution 1H NMR, Macromolecules, 32, 
8476-8490,1999. 
[84] T.A. Vilgis, Time Scales in the Reinforcement of Elastomers, Polymer, 46, 4223-4229, 
2005. 
[85] V.J. McBrierty, J.C. Kenny, Structural Investigations of Carbon Black-Filled Elastomers 
Using NMR and ESR, Kautsch. Gummi Kunstst, 47, 342-348, 1994. 
[86] E.M. Cashell, D.C. Douglas, V.J. McBrierty, Polym. J., 10, 557, 1978. 
[87] J. O’ Brien, E. Cashell, G.E. Wardell, V.J. McBrierty, An NMR Investigation of the 
Interaction between Carbon Black and cis-polybutadiene, Macromolecules, 9, 653-660, 1976. 
[88] H. Chaumette, D. Grandclaude, P.Tekely, D. Canet, C. Cardinet, A. Verschave, 
Characterization of Cross-linked Rubber Materials via Proton Rotating-Frame Relaxation 
Mesurements, J.Phys. Chem. A, 105, 8850-8856, 2001. 
 
  Appendix 
  A - 1 
 
 
 
Appendix 
 
Appendix   
A - 2   
 
Table 2.3.1 Nuclear isotopes and their spin quantum number. 
nuclear isotope spin [ I] 
1H 1/2 
13C 1/2 
19F 1/2 
31P 1/2 
129Xe 1/2 
15N 1/2 
29Si 3/2 
7Li 3/2 
33S 1/2 
2H 1 
14N 1 
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Table 2.5.1: Spin interactions, corresponding Hamilton operators, and the size of the 
interactions at 7.4T [2]. 
Interaction Hamilton operator Order of magnitude 
Linear Interaction   
Zeemann  ⋅⋅⋅−=
i
iiZ 0BIH γ  300 MHz 
rf ( )  ⋅⋅⋅−=
i
rfiirf t BIH γ  100 kHz 
chemical shift ( )  ⋅⋅⋅⋅−=
i
iit 0Bσγσ IH   3kHz ( H1 ) 
gradient ( )  ⋅⋅⋅⋅−=
i
iiiG rt IH Gγ  100 kHz 
Bilinear interactions   
Dipole-Dipole Coupling 
( )
≠
⋅⋅=
ji
j
ji
iD IIH ,D  100 kHz 
J-coupling 
(indirect spin-spin coupling) 
( )
≠
⋅⋅=
ji
j
ji
iJ IIH ,J  100 Hz ( H1 ) 
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Table 3.2.1: Composition of the TPU materials. 
 
  
Mass fraction of hard phase  
[%] 
 
Polyol nM  
[g/mol] 
23  36  45  54 
Capa 2054 550   Sample1 Sample2 
Capa 2125 1250 Sample3 Sample4 Sample5 Sample6 
Capa 2205 2000 Sample7 Sample8 Sample9 Sample10 
Capa 2304 3000 Sample11 Sample12 Sample13 Sample14 
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Table 3.3.1: Thermal transitions of the TPU materials in Table 3.2.1 as determined by DSC. 
Sample nM  
[g/mol] 
HS  
[%] 
1
gT  
[°C]a 
2
mSST  
[°C]a 
3
mMPT  
[°C]a 
4
HSmpT −  
[°C]a 
5
HSmT −  
[°C]a 
1 550 45 7.2 63.6 102.2 208.8 242.6 
2 550 54 10.4 61.3 105.2 208.6 242.4 
3 1250 23 -30.7 72.9 99.3   
4 1250 36 -29.8 64.3 121.7   
5 1250 45 -25.9 63.1 101.4 193.6 246.9 
6 1250 54 -17.5 64.3 98.4 199.2 241.9 
7 2000 23 -42.4 46.3 97.6   
8 2000 36 -41.9 66.2 106.8 202.8 245.4 
9 2000 45 -39.2 65.3 103.3 208.9 245.9 
10 2000 54 -31.5 63.5 100.5 213.1  
11 3000 23 -48.4 47.1 126.8 182.6  
12 3000 36 -47.5 25.0 105.3 207.4  
13 3000 45 -44.0 18.9 62.3 214.1  
14 3000 54 -50.6 31.5 101.9 219.7 239.5 
 
 
1
 – SS glass transition temperature; 2 - Crystalline SS melting temperature; 3 – Mixed Phase 
melting temperature; 4 – para-crystalline HS melting temperature; 5 – crystalline HS melting 
temperature. 
 
a
 The errors are of the order of ± 1°. 
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Table 3.3.2: Rebound resilience angles for the TPU materials in Table 3.2.1. 
Sample 
nM  
[g/mol] 
HS 
[%] 
Rebound resilience 
[%]a 
1 550 45 8 
2 550 54 17 
3 1250 23 61 
4 1250 36 48 
5 1250 45 37 
6 1250 54 26 
7 2000 23 60 
8 2000 36 48 
9 2000 45 39 
10 2000 54 28 
11 3000 23 52 
12 3000 36 44 
13 3000 45 40 
14 3000 54 32 
 
 
a
 The errors are of the order of ±3 % 
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Table 3.3.3: Mechanical properties of TPU materials in Table 3.2.1 as determined by hardness. 
Sample nM  
[g/mol] 
HS 
[%] 
Hardness 
[Shore A]a 
3 1250 23  
4 1250 36 82 
5 1250 45 90 
6 1250 54 94 
7 2000 23  
8 2000 36 84 
9 2000 45 91 
10 2000 54 93 
11 3000 23 92 
12 3000 36 87 
13 3000 45 93 
14 3000 54 93 
 
 
a
 The errors are of the order of ±2 Shore A. 
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Table 3.3.4: Mechanical properties of TPU materials in Table 3.2.1 as determined by tensile 
testing. 
Sample nM  
[g/mol] 
HS 
[%] 
Yield 
Stress 
[MPa]a 
Yield 
Strain 
[%]b 
Young 
Module 
[MPa/mm2]a 
Stress at 
break 
[MPa]b 
Strain at 
break 
[%]a 
3 1250 23      
4 1250 36 7.44 4.95 6.68 23.00 554 
5 1250 45 14.81 4 17.59 41.70 556 
6 1250 54 18.92 1.6 55.97 42.20 520 
7 2000 23      
8 2000 36 4.85 1.95 10.34 32.1 575 
9 2000 45 8.96 1.7 25.65 39.3 580 
10 2000 54 10.86 1.1 43.77 57 480 
11 3000 23 9.81 1.25 44.33 29.5 629 
12 3000 36 4.41 1.4 13.42 31.6 550 
13 3000 45 6.33 0.9 32.75 47.6 571 
14 3000 54 17.18 1 84.3 13.2 28 
 
 
a,b The errors are of the order of ±2%. 
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Table 3.3.5: Amount of the hard and soft segments and their effective relaxation rates for the 
TPU materials in Table 3.2.1 as determined by transverse magnetization relaxation 
measurements at 40° C and at 150° C. 
   40° C 150° C 
Sample 
nM  
[g/mol] 
HS 
[%] 
sA
 
[%]a 
ST2
1
 
[ms-1]a 
LA
 
[%]a 
LT2
1
 
[ms-1]a 
sA
 
[%]a 
ST2
1
 
[ms-1]a 
3 1250 23   100 2.08 82 0.66 
4 1250 36 28 14.05 72 3.43 66 0.95 
5 1250 45 46 16.51 54 3.79   
6 1250 54 66 18.19 36 4.69 2 15.25 
7 2000 23 15 3.43 85 1.88 26 18.57 
8 2000 36 28 7.14 72 2.85 36 24.10 
9 2000 45 45 8.03 55 3.12   
10 2000 54 58 9.33 42 3.99 19 18.07 
11 3000 23 26 3.87 74 2.34 33 22.66 
12 3000 36 30 4.02 70 2.50 36 28.60 
13 3000 45 42 5.41 58 2.93 4 27.72 
10 3000 54 57 6.10 43 2.17 19 31.87 
 
a
 The errors are of ±5%. 
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Table 4.2.1 Physical properties of carbon black and their amount in the studied samples. 
Row EPDM 
+ 
Filler type 
Surface area 
CTAB 
[m²/g] 
Surface structure 
DBP 
[10-5 m³/kg] 
Filler Amount 
[phr] 
 
No filler   0     
Ecorax 1720 121 138  20 40 60 70 
N121 121 132  20 40 60 70 
N683/30 35 133  20 40 60 70 
N990 8 43  20 40 60 70 
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Table 4.2.2. Preparation process of filled EPDM. 
Mixing Procedure 
Time interval 
[min] 
Material Process 
0 -1 raw EPDM Mixing 
1 - 3 50% Filler Mixing 
3 - 4 50% Filler Mixing 
at 4  Cleaning 
4 - 5  Mixing 
5  Dumping 
after 5  Rolling on a mill → sheet 
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Table 4.3.1 Segmental mobility of the carbon black filled EPDM samples as seen from the 
two models of transverse magnetization relaxation. 
Filler amount [phr] 
 0 20 40 60 70 
Filler Ecorax 
     
ST2  [ms] 0.47 0.42 0.39 0.32 0.27 
( ) [%]10001 2
2
⋅







−
a
S
S
T
T
 0 10.30 16.99 32.90 42.76 
LT2  [ms] 1.51 1.39 1.27 1.19 1.11 
SFDBS 
Model 
( ) [%]10001 2
2
⋅







−
a
L
L
T
T
 0 7.99 15.78 21.57 26.62 
SLT2  [ms] 1.83 1.58 1.44 1.29 1.18 
GFS 
model 
( ) [%]10001 2
2
⋅







−
a
SL
SL
T
T
 0 13.57 21.23 29.50 35.52 
Filler N121      
ST2  [ms] 0.47 0.44 0.41 0.33 0.30 
( ) [%]10001 2
2
⋅







−
a
S
S
T
T
 0 6.66 12.96 30.35 36.81 
LT2  [ms] 1.51 1.40 1.29 1.14 1.15 
SFDBS 
model 
( ) [%]10001 2
2
⋅







−
a
L
L
T
T
 0 9.97 19.34 31.53 32.04 
SLT2  [ms] 1.83 1.65 1.48 1.25 1.2 
GFS 
model 
( ) [%]10001 2
2
⋅







−
a
SL
SL
T
T
 0 7.60 14.44 24.64 23.80 
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  Filler amount [phr] 
  0 20 40 60 70 
Filler N683/30      
ST2  [ms] 0.47 0.45 0.45 0.44 0.42 
( ) [%]10001 2
2
⋅







−
a
S
S
T
T
 0 3.61 5.29 7.28 11.04 
LT2  [ms] 1.51 1.49 1.43 1.39 1.32 
SFDBS 
model 
( ) [%]10001 2
2
⋅







−
a
L
L
T
T
 0 1.40 5.02 8.21 12.69 
SLT2  [ms] 1.83 1.80 1.71 1.63 1.52 
GFS 
model 
( ) [%]10001 2
2
⋅







−
a
SL
SL
T
T
 0 1.38 6.37 10.96 17.11 
Filler N990      
ST2  [ms] 0.47 0.46 0.46 0.47 0.47 
( ) [%]10001 2
2
⋅







−
a
S
S
T
T
 0 2,78 2,85 1,05 -0,39 
LT2  [ms] 1.51 1.48 1.43 1.41 1.48 
SFDBS 
model 
( ) [%]10001 2
2
⋅







−
a
L
L
T
T
 0 2.01 5.14 6.96 1.98 
SLT2  [ms] 1.83 1.81 1.71 1.70 1.79 
GFS 
model 
( ) [%]10001 2
2
⋅







−
a
SL
SL
T
T
 0 0.99 6.25 6.80 2.09 
 
 
(0)a indicates the chain mobility of the raw polymer. 
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Table 4.3.2: The slope of a fitted linear dependence of the segmental mobility as seen from 
the two NMR models as a function of the amount of filler. Residuum R gives the accuracy of 
the fit. 
 SFDBS model GSF model 
Filler ST2  LT2  SLT2  
 
Slope 
( sµ /phr) R 
Slope 
( sµ /phr) R 
Slope 
( sµ /phr) R 
Ecorax -2.8 0.98 -5.6 0.99 -8.8 0.99 
N121 -2.5 0.98 -5.5 0.99 -8.8 0.99 
N683/30 -0.7 0.97 -2.6 0.97 -4.3 0.96 
N990 -0.08 0.15 -0.09 0.60 -1.2 0.60 
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Table 4.3.3: Average residual dipolar coupling ( ) ]kHz[2 222 pi⋅M  as determined by NMR. 
 
Filler amount [phr] 
 0 20 40 60 70 
 Ecorax      
SFDBS 
Model  2.12 2.37 2.56 3.16 3.71 
GSF Model  2.48 3.11 3.50 5.39 7.04 
Double-
quantum  12.16 14.20 16.06 19.45 18.71 
 N121      
SFDBS 
Model  2.12 2.27 2.44 3.05 3.36 
GSF Model  2.48 2.81 3.16 4.84 5.96 
Double-
quantum  12.16 13.77 14.99 18.40 18.73 
 N683/30      
SFDBS 
Model  2.12 2.20 2.24 2.29 2.39 
GSF Model  2.48 2.72 2.77 2.85 3.06 
Double-
quantum  12.16 13.53 12.92 14.23 15.09 
 N990      
SFDBS 
Model  2.12 2.18 2.19 2.15 2.11 
GSF Model  2.48 2.68 2.61 2.52 2.47 
Double-
quantum 
quantum 
 12.16 12.29 11.99 12.26 12.31 
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